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Abstract— Hydrogels have proven to be of great value because of their useful properties and functions. ieee 


Temperature and pH-sensitive chitosan-collagen-based hydrogels have drawn research interest in the area 


ay nF. 


of wound care. Their unique mechanism allows them to release antimicrobial agents in response to changes ia 
ey ba] i 3 


in the environment and aids in efficient healing of wounds. The current review aims to describe various 


composite hydrogels of chitosan and collagen, their temperature and pH sensitivity, the antimicrobial effect eE 


of chitosan-collagen hydrogels and their applications in wound healing. Sources and properties of chitosan 


and collagen have also been stated in order to highlight their importance in these hydrogels. The main focus 
revolves around the potential of chitosan-collagen hydrogels as antimicrobial biomaterials for healing 


wounds in an efficient manner. 
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I. INTRODUCTION 


Hydrogels' unique properties make them essential 
vehicles for specific medications. This is because of their 
well-known capacities to keep the wound interface moist, 
suppress infectious activity, eradicate surplus exudates from 
the wound, encourage wound healing, and have a 
reasonable level of biocompatibility with cell tissues 
(Vaneau et al., 2007). Hydrogel dressings are therefore 
recommended for wound healing (Li et al., 2016). 
Moreover, it is crucial to incorporate biocompatible 
macromolecular components into degradable hydrogel 
wound dressings (Jie Zhu et al., 2019). 


Hydrogel dressings can be used to keep a wound wet 
and absorb tissue exudates. Next, as the wound area is 
cooled, the dressing allows oxygen to permeate and 
provides pain relief (Dong et al., 2014). Finally, the usage 
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of hydrogel dressing was more strongly linked with the 
characteristics of in-situ encapsulating medicines, wound 
sites filling, and adhesion to wounds (Tran et al., 2011). 
Similar to how hydrogels work as barriers against microbes, 
using hydrogel as a wound dressing has been a popular 
choice in studies. 


They also provide 3-D structures for cell adhesion and 
development and preserve wet surroundings at the wound 
interface (Kokabi et al., 2007). The polymer chitosan is 
derived from chitin, which is the second most abundant 
polymer in nature. It exhibits remarkable qualities such as 
making it an indispensable biomaterial that is attracting 
significant industrial interest as a potential replacement for 
synthetic polymers in the future (Kurakula, 2020). 


All of the body's numerous connective tissues, such as 
the skin, bones, ligaments, tendons, and cartilage, include 
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collagen, the most prevalent structural protein. Collagen is 
another essential element in the wound-healing process. 
Collagen is essential for every stage of wound healing, 
including hemostasis, inflammation, proliferation, and (Liu 
et al., 2019). Collagen serves as the natural structural 
foundation for the synthesis and growth of new tissue. 
Collagen, the most structural protein found in the 
extracellular matrix of the body's connective tissues, 
including skin, bones, ligaments, tendons, and cartilage, is 
crucial for wound healing. Collagen is essential for all 
phases of wound healing, including hemostasis, 
inflammation, proliferation, and remodeling. It acts as a 
natural structural basis for the development of new tissue 
(Gu et al., 2019). 


In hydrogels, there exist both synthetic and natural 
polymer chains (Ahmad et al., 2022). Agarose, alginate, 
chitosan, collagen, gelatin, hyaluronic acid, and cellulose 
derivatives are examples of natural polymers frequently 
employed in hydrogel formulations (Gasperini et al., 
2014)). These polymers are useful for biological 
applications because of their inherent biocompatibility and 
biodegradability. It is possible to create hydrogels with 
certain properties by adjusting the chemical and physical 
properties of synthetic polymers (Almajed et al., 2022). To 
join the polymer chains and create the hydrogel's network 
structure, crosslinking agents are used. These substances 
might be chemical or physical. Physical crosslinking, 
including reversible connections like hydrogen bonds or 
physical entanglement, can be brought on by changes in pH, 
temperature, or other environmental factors. Covalent 
bonds between polymer chains are formed via chemical 
crosslinking, which is commonly accomplished through 
chemical processes like condensation or free radical 
polymerization (Ertl et al., 2020). 


Here, we will review about pH and temperature 
sensitive chitosan and collagen based hydrogel systems and 
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explore their properties with different natural and synthetic 
polymers by using different crosslinking methods while 
simultaneously discussing the application of antibacterial 
and wound healing along with other biomedical materials 
that the hydrogels can be used with some recent 
advancements. 


I. PROPERTIES OF CHITOSAN AND 
COLLAGEN AS BIOMATERIALS 


2.1 Chitosan 


Chitosan is produced by partially deacetylating 
naturally occurring insoluble chitin (Martínez-Ruvalcaba et 
al., 2007) found in the exoskeletons of insects, fungi 
(Merzendorfer, 2011), and crustaceans (Khor & Lim, 2003). 
Because of the hydrogen interactions between hydroxyl and 
acetamide groups, chitin has a hard crystalline structure. A 
higher concentration of amino groups and improved water 
solubility are obtained when chitin undergoes partial 
deacetylation and transforms into chitosan. Chitosan 
deacetylation is increased proportionately, and 
biocompatibility and biodegradability are improved 
(Murakami et al., 2010). 


2.1.1. Sources of chitosan 


Although other species including lobster, crayfish, and 
oysters have also been used, prawns and crabs are the most 
frequently mentioned sources (Fig. 1) in the literature when 
discussing the raw materials used to prepare chitosan (Rizeq 
et al., 2019). The weight percentage (wt%) of chitin varies 
depending on the organism. For example, the waste from 
crustacean shells typically contains 30% to 50% calcium 
carbonate and 20% to 30% chitin. However, in certain 
lobster genera, like Nephrops sp. and Homarus sp., the 
chitin content of the shells ranges from 60% to 75%, which 
is the highest of all chitin-containing species (Arbia et al., 
2013). 
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Fig. 1: Sources of Chitosan 
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Studies that have already been conducted on the 
extraction of chitin or chitosan from crustacean byproducts 
that contain 20% (wt%) or more of chitin have produced 
encouraging results when used as industrial feedstocks for 
the synthesis of chitosan. For example, Procambarus clarkii 
(crayfish) by-products, which included the entire animal 
body, thorax, and claws, have been found to contain roughly 
20% to 23% (by weight) of chitin. Because this source is 
readily available and inexpensive, it already justifies its use 
as an economically viable source for chitin production on 
an industrial scale (Bautista et al., 2001). 


The economic and environmental benefits of using 
these crustacean sources for chitosan preparation have also 
been suggested by previous research. This is because 40— 
50% of the mass of crustaceans that are harvested for human 
consumption is wasted, and the majority of this waste is 
disposed of in the sea, where it causes serious pollution 
(Vazquez et al., 2013). Consequently, it is possible to 
identify byproducts of crustacea, such as lobster 
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cephalothorax, as a good source for the industrial synthesis 
of chitosan. 


2.1.2. Chemical structure of chitosan 


Chitosan (CS) is a naturally occurring cationic 
polymer that is derived from chitin through a process of 
alkaline deacetylation (Fig. 2). It shares structural 
similarities with glycosaminoglycan, a component of the 
extracellular matrix (Raj et al., 2018). Covalent bonding 
between the chitosan macromers results in chemically 
cross-linked hydrogels; this bond formation is irreversible. 
Chitosan cross-linked system, hybrid polymer networks 
(HPN), interpenetrating polymer networks (IPN), and semi- 
interpenetrating polymer networks (SIPN) are the four 
states of creation of chemical cross-linked hydrogels. The 
second chain in the derivation may resemble or differ from 
the first structural unit (Shi et al., 2018). Chemical cross- 
linking is caused by hydroxyl groups and amines on 
chitosan chains. Chemical cross-linking can happen through 
photopolymerization reactions or cross-linkers (Fidalgo et 
al., 2018). 


Fig.2: Chemical Structure of Chitosan 


It is common to see hydrogen bonds form between 
the functional groups of chitosan and polyurethane chains. 
In order to improve the interaction between the two 
components, this is significant (Mohraz et al., 2019). The 
FTIR spectra of the composites studied confirmed the 
presence of distinct absorption bands for PUR and Chit (Qin 
& Wang, 2019). The addition of Chit to the PUR matrix 
resulted in a shift in the C=O wave number from about 1700 
cm-1 to 1640 cm-1, as well as an increase in the band of — 
O-H and —N-H stretching vibration at around 3500 cm-1 to 
3400 cm-1. These unambiguously showed that PUR and 
Chit in the third composite formed hydrogen bonds 
(Hernandez-Martinez et al., 2017). 


FTIR scans showed a comparable shift in the 
carbonyl band to a lower wavenumber as Chit in composites 
increased (Gupta & Kim, 2019) (Fig 3). The study analyzed 
six composites with varying chitosan flakes percentages, 
revealing a uniform nanoflake structure. Monitoring 
changes in polyurethane structure was challenging due to 
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similar functional groups. The absence of a urea peak in 
FTIR spectra suggests no secondary reaction or covalent 
bond formation (Garnica-Palafox & Sanchez-Arévalo, 
2016). 


It is possible to insert chitosan into the 
polyurethane framework after lowering its size to the 
nanoscale, as verified by FTIR (Gupta & Kim, 2019). Even 
if there isn't a distinct continuous phase (matrix) and filler, 
the materials that were created were nevertheless referred to 
as biocomposites. Nevertheless, compared to traditional 
composites, the material's trend of changing properties is 
distinct. Adding chitosan to the polyurethane framework 
increased the material's mechanical strength by increasing 
cross-linking. ATR-FTIR analysis of eight composites 
revealed that PUR chains were present on the surface of the 
samples, while Chit particles were submerged in the bulk of 
the matrix (Brzeska et al., 2019). 
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2.1.3. Properties of chitosan 


Chitosan is a naturally occurring polysaccharide 
that is renewable, non-toxic, biodegradable, and 
biocompatible (Croisier & Jérôme, 2013). The solubility of 
chitosan is attributed to the protonation of the amino group 
(NH2) on its chains into a positively charged group (NH3 
+) at pH values lower than its pKa (pH < 6.2). Numerous 
applications, including tissue engineering, drug delivery, 
water treatment, biosensors, and water treatment (Teotia et 
al., 2015), are made possible by soluble chitosan (Kim & 
Kim, 2017). Chitosan amino groups can be neutralized to 
produce physical chitosan hydrogels (Ladet et al., 2008). 
Nevertheless, chitosan has a low mechanical strength, 
particularly when it is wet (Latza et al., 2015). 
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3D printing of a chitosan physical hydrogel was 
described to construct the structure on a three-axis 
positioning platform. This involved directly depositing the 
ink in air (Fig. 4). By dissolving chitosan in an acidic 
combination, a low concentration (8 wt%) 3D-printable 
chitosan ink was created. This ink was directly converted 
into three-dimensional scaffolds layer by layer by solvent 
evaporation after being extruded through micronozzles (Wu 
et al., 2017). The inks' rheological characteristics are crucial 
to the extrusion-based 3D printing techniques. Researchers 
looked on apparent viscosity related to the process in order 
to find the right concentration of polymer for solvent- 
assisted 3D printing (Guo et al., 2013). 
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Fig.3: Chitosan FTIR Spectra with 6 composites 
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Fig.4:3D printing process diagram and key process parameters 
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A wide range of investigations have been 
undertaken to examine the rheological properties of 
solutions derived from chitosan, encompassing physical 
chitosan hydrogel, thermosensitive chitosan-glycerol- 
phosphate solutions, and chitosan blends (Cho et al., 2005). 
Scientists have been examining chitosan closely to solve a 
variety of problems. Chitosan is a polysaccharide derived 
from chitin by the process of deacetylation (Ali & Ahmed, 
2018). It is characterized by its relatively low cost and high 
yield. It is the second most abundant natural biopolymer 
(Tripathy et al., 2018). However, because of their excellent 
biodegradability, biocompatibility, immunogenicity, and 
low toxicity, chitosan hydrogels have previously been used 
in a wide range of disciplines, including material science 
(Fu et al., 2016) and biomedicine (G. Chen et al., 2017). 
Thus, chitosan has been the subject of numerous prior 
research and among the several techniques that have been 
suggested, solubilizing chitosan in an acidic aqueous media 
has historically been the most widely used technique for 
creating chitosan hydrogels (Bhattarai et al., 2010). 


Nevertheless, the limited mechanical properties of 
chitosan hydrogels impose restrictions on their potential 
uses (Wang et al., 2016). Several approaches have been 
employed thus far to enhance the of chitosan hydrogel’s 
mechanical properties (Cao et al., 2018). These methods 
encompass chemical crosslinking, incorporation of 
nanofillers possessing superior mechanical properties, and 
blending with other polymers (Li et al., 2018). While there 
are moderate enhancements in the mechanical qualities, the 
inherent characteristics of chitosan are compromised. 
Moreover, it was discovered that several of the crosslinking 
agents exhibited toxicity or resulted in undesirable 
interactions with the bioactive components (Oryan et al., 
2018). Consequently, improving mechanical properties of 
chitosan hydrogel has emerged as a prominent area of 
research. A unique solvent system was proposed by 
utilizing alkali-urea aqueous solutions for the synthesis of 
chitosan hydrogel. This approach resulted in notable 
improvements in both hardness and toughness, all achieved 
without the need of any cross-linking agents (Cao et al., 
2018). 


Alkali-urea solution system was employed for the 
synthesis of chitosan hydrogel. The research incorporated 
Ag nanoparticles as both a filling and secondary reinforcing 
material in order to enhance the mechanical properties of 
chitosan hydrogel. The objective was to develop a chitosan 
hydrogel with exceptionally high mechanical properties 
(Zhao et al., 2018). The primary design principle is utilizing 
the amino groups present in chitosan as a chelating agent for 
Ag ions through coordination interactions, hence enhancing 
the mechanical strength. The secondary objective of 
incorporating Ag nanoparticles into the chitosan hydrogel is 
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to enhance its antibacterial properties, hence mitigating the 
risk of wound infection (Fan et al., 2014). Silver is a 
frequently utilized antimicrobial agent owing to its broad- 
spectrum antibacterial activity against aerobic and 
anaerobic microorganisms (Wang et al., 2018). 


Furthermore, chitosan possesses the advantageous 
characteristic of being a biocompatible polyelectrolyte. This 
property enables it to function as a stabilizing ligand, so 
restricting the toxicity of silver metal while yet permitting 
its antimicrobial activity for infection control purposes (Fan 
et al., 2014). Subsequently, varying proportions of Ag ions 
are introduced into the structured hydrogel to form chelation 
complexes with chitosan (Yi et al., 2003). The reductive 
silver nanoparticles were incorporated into the system using 
trisodium citrate as a green reducing agent. The objective 
was to create a chitosan-Ag nanoparticles hydrogel that 
would exhibit enhanced mechanical properties, increased 
antibacterial activity, and accelerated wound healing 
abilities. The hydrogels were subjected to a comprehensive 
evaluation of their mechanical properties, swelling 
characteristics, antibacterial activity, and wound healing 
impact which were found to be satisfactory (Thomas et al., 
2007). 


2.1.4. Role of chitosan in wound healing 


Extensive research has been conducted on 
chitosan-based materials, with particular focus on wound 
dressings, due to their diverse range of properties such as 
antibacterial, anti-inflammatory, and biomedical 
applications. The antibacterial and anti-inflammatory 
properties of chitosan have shown promise in the field of 
wound healing, positioning it as a potential biomaterial 
(Ahmed & Ikram, 2016). Optimal qualities tailored to 
specific wound types, cost-effectiveness, and minimal 
patient inconvenience are key considerations for the 
development of effective dressings. Chitosan has various 
applications in multiple domains along with concurrent 
researches in the field of wound healing. Chitosan has 
antimicrobial properties which makes it a suitable material 
for clinical utilization and biomedical applications. It has an 
important role in wound healing procedures. Wound 
healing is enhanced by chitosan and synthetic/natural 
polymer scaffolds. The utilization of chitosan-based 
scaffolds immobilized with oil for wound healing purposes 
is now under investigation. Drug loaded scaffolds with 
chitosan as a base material for wound healing is an area of 
interest around the world. Chitin and chitosan are known to 
stimulate wound healing, with research showing their 
potential to expedite the process. These materials are used 
in various forms, including nano fibers, gels, scaffolds, 
membranes, filaments, powders, granules, sponges, and 
composites. Their primary biochemical functions include 
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activating polymorphonuclear cells, stimulating fibroblast 
activity, creating cytokines, migrating giant cells, and 
simulating the synthesis of type IV collagen (Mezzana, 
2008). 


Nano-fiber matrices are promising for tissue engineering in 
skin substitutes due to their ability to facilitate oxygen 
diffusion, high porosity, diverse pore sizes, and 
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morphological resemblance to the skin's extracellular 
matrix. These properties enhance cell adhesion, migration, 
and proliferation (Fig. 5). Progress in chitin and chitosan 
nanofibril materials has also improved flexibility and utility 
for creating novel bio-related products. The field of process 
chemistry has made significant progress in producing these 
materials (Mattioli-Belmonte et al., 2007). 


2. Inflammation 


—+ Blood clot 


Microbes 


3. Proliferation 


Created in BioRender.com bio 


Fig.5: Mechanism of wound healing with diagram 


2.2. Collagen 


Collagen is a highly prevalent protein synthesized 
within the human body. The process under consideration is 
responsible for maintaining the integrity and strength of 
bodily tissues through the formation of supportive networks 
that span across cellular structures. Over time, the structural 
integrity of the fiber deteriorates, resulting in several 
consequences, one of which is the development of wrinkles 
on the skin (Chang et al., 2012). It has been empirically 
demonstrated that the consumption of hydrolyzed protein 
can facilitate the replacement of damaged fibers with new 
ones. Consequently, the promotion of collagen creation 
ensued, so facilitating the process of healing and enhancing 
the overall appearance of the tissue (Schagen, 2017). 


Collagen, as reported by the Protein Data Bank, is 
the predominant structural protein found in the human body. 
It provides essential support to a variety of tissues, including 
tendons, skin, and teeth (with collagen being connected to 
mineral crystals). Collagen fibers are frequently observed to 
possess a white coloration, exhibiting an opaque 
appearance, and are easily identifiable within various tissue 
samples. Collagen is classified as a viscoelastic substance, 
characterized by its notable tensile strength and limited 
extensibility. It is widely recognized for its low 
immunogenicity, hence reducing the likelihood of rejection 
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whether administered orally or by injection into a foreign 
entity. The fractions that are capable of inducing an 
immunological response are specifically situated inside the 
helical area of the chains and the telopeptide region (Kumar 
et al., 2014). 


2.2.1. Sources of Collagen 


Collagen, a naturally occurring polymer present 
mostly in fibril forming proteins within the cartilage, bone, 
tendon and skin, exhibits versatile applications in several 
industries such as food, cosmetics, and medicines (Wang et 
al., 2013). The extraction of commercial collagen from 
several wild species has been extensively investigated 
because to its significant economic value. While it is true 
that mammals possess collagen protein, non-mammals are 
also of significant interest due to their likeness to the human 
body and their potential as abundant economic resources. 
Collagen is sourced from several origins, encompassing 
fish, avian species, bovines, marine organisms, kangaroo 
tails, chicken feet, horse tendons, frog bones and skin, rat- 
tail tendons, sheepskin, and sporadically even human 
sources (Silvipriya et al., 2015). However, the use of pig 
skin for collagen extraction is prohibited in certain countries 
with a mostly Muslim population (Wang et al., 2014). Since 
the 1930s, pig skins and bovine have been the primary 
sources of collagen in commercial applications, while fish 
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scales are used in religious practices to reduce exposure to 
infections. Research has been conducted to find alternative 
collagen sources, with the industry focusing on mammalian 
collagen. Type I collagen from fish scales has similar 
properties to mammalian collagen, and marinated or salted 
skins have lower protein content compared to cold-water 
fishes (Rawat et al., 2021). 


Collagen utilized in industrial settings primarily 
comes from mammalian sources, like pig and cow collagen. 


Sources of Collagen 
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Since these collagens are associated with several problems, 
such as an outbreak of foot-and-mouth disease (FMD), an 
outbreak of bovine spongiform encephalopathy (BSE), and 
religious prohibitions, it is imperative to find a new source 
(Duan et al., 2009). Numerous marine species have been 
identified as potential safe and alternative sources for 
collagen extraction. These species include eels, cuttlefish, 
seaweed pipe fish, squid, catfish, and ocellate puffer fish 
(Veeruraj et al., 2013). 
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Fig. 6: Sources and Applications of Collagen 


In addition, compared to collagen from mammals, 
that from marine creatures is less immunogenic, less 
poisonous, and has a higher collagen concentration. The 
skin, scales, bones, and fins of freshwater and marine fish 
species are the primary suppliers of collagen. Furthermore, 
skin, scale, and bone—all of which have a high collagen 
content—make up almost 30% of the wastes produced by 
the fishing industry during the processing of fish (Wang et 
al., 2008). Fish skin typically has a lot of collagen that can 
be harvested and utilized (Liu et al., 2008). The finest 
solutions for effective waste management and the creation 
of value-added goods that boost the fishing industries’ 
profits may be found in the environmentally friendly 
extraction of collagen from these wastes 
(Kittiphattanabawon et al., 2005). Fish collagen has a 
number of drawbacks, including low mechanical strength, 
low amino acid content, quick biodegradation, and melting 
point. Fish collagen can be functionally modified and 
combined with other synthetic or natural polymers to solve 
these issues (Subhan et al., 2015). 


There are many other sources of collagen, but at 
the moment, animal collagen is the most common type 
used in collagen products, the majority of which are made 
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from raw materials like cow's milk (Silvipriya et al., 2015). 
Numerous skin fragments from pigs and cows are used to 
make the majority of collagen products. Collagen makes 
up up to 85% of the protein in tendons and makes up one- 
third of the protein mass in cows. Immunological, 
zoonotic, and religious sensitivities restrict the use of 
collagen obtained from animals (Kisling et al., 2019). To 
prevent FMD (foot and mouth disease) and mad cow 
disease, researchers are working to find a safer source of 
collagen. In contrast to the adverse inflammatory and 
immunological reactions in terrestrial animals as well as 
pandemic health problems, research is being done on 
marine sources (Maschmeyer et al., 2020). There are many 
other sources of marine collagen, such as various marine 
sources, particularly microalgae, and marine vertebrates. 
At the moment, marine fish, jellyfish, sponges, and other 
creatures are the primary subjects of collagen extraction 
research from marine organisms for tissue engineering 
biomaterials. Collagen is abundant in the epidermis, 
muscles, and cartilage tissue of these aquatic creatures 
(Smith et al., 2023). 


The amino acid composition and biocompatibility 
of collagen derived from marine sources are similar to 
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those of traditional terrestrial mammalian collagen. 
However, marine collagen offers additional benefits over 
mammalian collagen, such as easy extraction, abundant 
sources, which are particularly useful in the fishing and 
fish processing industries (Ge et al., 2020). Fish are 
actually widely available, have no religious limitations, 
and pose little risk of spreading disease, which makes their 
skin an excellent choice for type I collagen extraction (Lim 
et al., 2019). Interestingly, it has been observed that certain 
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collagens derived from marine sources can denature at 
temperatures below the typical physiological temperature 
of humans. Some collagen-derived biomaterials are 
practically challenging because of this thermal instability, 
primarily when employed for human medical purposes 
(Felician et al., 2018). 


2.2.2. Chemical structure of collagen 
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Fig.7: Chemical Structure of Collagen 


2.2.3. Properties of collagen 


Collagen exhibits a distinct structural 
characteristic in the form of elongated fibrous 
arrangements, setting it apart from globular protein 
enzymes. The process involves catabolic activity driven by 
collagenolytic enzymes and phagocytosis, which is the 
outer element of the ECM, forming collagen, which 
supports cells or tissue and has tensile strength. Collagen is 
primarily composed of ligaments, muscles, bones, skin, the 
lens, and the cornea. Findings indicate that collagen fibrils 
in aged skin display signs of fragmentation and uneven 
distribution, in contrast to the plentiful, dense, and orderly 
arrangement of collagen fibrils observed in youthful skin 


(Shin et al., 2019). 


Collagen is a versatile and biodegradable material 
with desirable features such as biocompatibility, 
accessibility, versatility, cell compatibility, water affinity, 
high tensile strength, and body absorbability. Its bioactive 
properties enable it to create gum or gel-like substances, 
facilitating cellular healing. Collagen plays a crucial role in 
wound healing, regulating tissue structure and restoring 
strength in compromised skin. Skin scarring from burns, 
surgeries, and physical trauma strains the healthcare system, 
especially for children with significant scars. Type I and 
type II collagen are the predominant components of scar 
tissue (Toshniwal et al., 2019). 


TGF-B regulates collagen type I synthesis, 
promoting scar formation and fibrosis during remodeling. 
Scar tissue has a unique unidirectional cross-linking pattern, 
resulting in lower functional quality compared to normal 
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collagen. However, many tissues, like bone, can heal 
without damaging their structure or function. Collagen has 
enhanced biocompatibility characteristics and a reduced 
cytotoxic impact, making it a potential candidate for healing 
processes. Overall, collagen's unique characteristics make it 
a promising candidate for repairing and repairing damaged 
tissues (Agarwal et al., 2016). 


Collagen in the human body is adaptable and can 
be used in bioactive coated platforms to enhance the 
integration of implantable scaffolds. Hyphapatite (HA) is 
used for tissue regeneration, and certain fish skin has 
bioactive properties, making it suitable for human skin 
treatment. The skin contains eight forms of collagen, each 
maintaining the skin's smoothness, firmness, and resilience. 
Enzymatic hydrolysis of triple helix structures generates 
oligopeptides, which are then converted into bioactive di- 
and tripeptides. Collagen accumulation on the skin forms a 
bio-matrix (Bolke et al., 2019). 


Being one of the most prevalent structural proteins 
in the mammalian extracellular matrix (ECM), collagen has 
unique properties that promote the rapid healing of damaged 
skin tissue. The primary constituent of connective tissues is 
collagen type I. Short analogs have also been produced for 
tissue engineering applications, such as controlling the 
wound healing response, and they are easily synthesized 
and purified. The impact of various collagen implants on the 
promotion of skin and corneal wound healing is covered in 
this review. These include hydrogels and sponges made of 
collagen as well as films and membranes (Sklenářová et al., 
2022). 
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Currently, the inclusion of collagen fibers with 50- 
200 nanometer diameter contributes to the assessment of 
mechanical properties, owing to their resemblance to 
protein-like structures. Nevertheless, while considering the 
perspective of scientists, the mechanical characteristics of 
collagen remain uncertain. However, it is worth noting that 
the primary drawback lies in its restricted mechanical 
properties. The significance of its duty necessitates the 
utmost importance of its exceptional mechanical qualities 
(Haaparanta et al., 2014). 


Collagen nanofiber mats are being used in 
scaffolds for organ tissue enhancement due to their 
exceptional mechanical qualities and flexibility. These 
biomaterials provide temporary support to damaged organs, 
enhance cell adhesion and proliferation, and are influenced 
by factors like material creation, porosity, thickness, and 
diameter. Synthetic compounds and natural polymers are 
used to enhance mechanical strength and low wear strength 
in transplantation procedures. Collagen impacts cellular 
processes like chemotaxis, adhesion, migration, and 
morphogenesis, and polymeric aggregations of collagen- 
platelets contribute to hemostatic effects in human body 
cells (Golieskardi et al., 2020). 


2.2.4. Contribution of collagen in tissue regeneration 


The current evaluation of fish-derived extracts as 
dietary supplements for their ability to facilitate skin 
regeneration is limited (Lapi et al., 2021). Tissue 
engineering can be achieved through two distinct 
methodologies. Two types of biomaterials can facilitate 
tissue regeneration: biomaterials that only promote tissue 
regeneration, and biomaterials that incorporate growth 
factors and supportive cells to further increase tissue 
regeneration. In the context of skin injury treatment, Cinzia 
and her research team propose the utilization of sea urchins 
as a source of native collagen in the development of 
collagen-based skin-like scaffolds (CBSS). Specifically, 
they suggest employing sea urchin food waste to construct 
bilayer CBSS, which consists of both two-dimensional (2D) 
and three-dimensional (3D) components. The present study 
describes a methodology centered around the isolation of 
collagen that is abundant in fibrillar glycosaminoglycan 
(GAG) from discarded sea urchin gonads (Dong & Ly, 
2016). 


The characteristics of sea  urchin-sourced 
chondroitin sulfate-based biomaterials were examined, 
focusing on their microstructure, mechanical stability, 
water permeability, and ability to prevent bacterial 
infiltration and promote fibroblast proliferation. Results 
showed that a 2D collagen membrane effectively mitigates 
water evaporation and protein diffusion, while three- 
dimensional collagen scaffolds mimic the dermal layer 
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structure and function, facilitating fibroblast infiltration. 
These findings suggest potential 
sustainability and economic feasibility for tissue 
regeneration (Ferrario et al., 2020). 


environmental 


To generate collagen sponges possessing 
hemostatic characteristics, the process involves the 
crosslinking of collagen type I derived from the jellyfish R 
esculentum using 1-ethyl-3-(3-dimethyl aminopropyl) 
carbodiimide (EDC). Research conducted on animal 
subjects has demonstrated that the utilization of sponges 
composed of EDC collagen exhibits a notable ability to 
rapidly absorb blood. This can be attributed to their 
substantial capacity for water absorption, as well as their 
facilitation of blood cell aggregation at the location of a 
recent lesion (Cheng et al., 2017). Biomaterials derived 
from collagen sourced from marine sponges belonging to 
the Hexactinellida class exhibit notable efficacy in the 
context of bone regeneration. In addition to possessing 
silicon, calcium, and spongin as constituents of their 
spicules, these sponges also can undergo regeneration. The 
primary roles of these structures are to provide structural 
support for the organism during its growth and 
development, as well as to provide as a means of protection 
against potential predators. The chondrogenic properties of 
collagen isolated from jellyfish, specifically Rhopilema 
esculentum, have been seen to resemble those of human 
collagen I in animal tests. This suggests that jellyfish 
collagen could potentially serve as a viable alternative to 
traditional swine collagen I scaffolds in the field of cartilage 
regeneration (Felician et al., 2018). 


2.3. Hydrogel preparation by different crosslinking 
methods 


Collagen-based hydrogels are created by self- 
assembling collagen fibers in aqueous solvents. However, 
their properties decrease during extraction and application, 
necessitating modification for biological uses. Changes in 
solvent conditions, external additives, and crosslinking 
mechanisms can influence the structure and properties of 
these hydrogels, modulating collagen molecule self- 
assembly (Cheng et al., 2019). 


2.3.1 Solution Condition 


Collagen-based hydrogels are subject to the effect 
of multiple parameters, including solution conditions such 
as collagen concentration, polymerization temperature, and 
polymerization pH (Freytes et al., 2008). There exists a 
causal relationship between the self-assembly of the 
collagen base and the concentration of collagen 
(Stepanovska et al., 2021). Studies show a correlation 
between collagen concentration and hydrogel mechanical 
properties. An increase in collagen concentration reduces 
pore size in collagen-based hydrogels, potentially impacting 
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cell inoculation and viability. The manufacturing process of 
collagen hydrogels is significantly influenced by 
temperature. Most gelation occurs at 37°C, but some studies 


use 25°C or cryogenic conditions. The process can A causal 
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relationship exists also occur under cryogenic conditions, 
characterized by temperatures below zero degrees Celsius 
(Carvalho et al., 2022). 


Connective tissue 


ba 


Derma 
Degradation of 
collagen leads to 
wrinkles 


Nail 


LA 


| 


COLLAGEN 


Cartilage 


fen 


Ny 


Created in BioRender.com bìo 


Fig. 8: Role of collagen in tissue regeneration 


2.3.2 Physical Crosslinking 


Physical crosslinking is a process that creates a 
three-dimensional network structure of collagen using 
physical stimuli like UV light, y-ray irradiation, heating, 
and freeze-drying. This creates a viscoelastic gel system 
without introducing harmful chemicals. Dehydrothermal 
(DHT) treatment is another technique, subjecting collagen 
molecules to high temperatures in a vacuum environment. 
However, DHT results in collagen deformation, which can 
take several days to occur. Ultraviolet radiation can induce 
unpaired electrons in aromatic amino acid residues, 
specifically chromic acid and phenylalanine. The irradiation 
of collagen molecules can result in the generation of ions, 
which in turn can facilitate the creation of crosslinking 
between nearby collagen molecules (Bax et al., 2019). 
Nevertheless, collagen exhibits sensitivity towards UV 
radiation. Collagen degeneration can occur because of very 
elevated temperatures and prolonged periods of exposure. 
The processes of crosslinking and denaturation are in 
opposition to one other when exposed to UV irradiation. 
The ultimate equilibrium of these two processes has an 
impact on the ultimate mechanical characteristics and 
degradation of collagen biomaterials (Sionkowska et al., 
2020). 


ISSN: 2456-1878 (Int. J. Environ. Agric. Biotech.) 
https://dx.doi.org/10.22161/ijeab.86.19 


Crosslinking, a complex process involving physics 
and chemistry, has garnered significant interest from 
researchers due to its complex nature and difficulty in 
precise transformation (L. Xu et al., 2022). Typically, this 
method entails the interaction between the photosensitizer 
and ultraviolet (UV) radiation, resulting in the formation of 
intra- and intermolecular connections inside the collagen 
fibers. The crosslinking reaction of collagen caused by UV- 
riboflavin or UV-GelMA is a widely employed method in 
the field of skin tissue treatment (Yang et al., 2022). 


2.3.3 Chemical Crosslinking 


Chemical crosslinking is a method used to improve 
the properties of biomaterials by altering functional groups 
within collagen. This process results in the formation of a 
desirable collagen hydrogel by crosslinking polymer chains. 
Crosslinking facilitates the conversion of 1-ethyl-3-(3- 
dimethylaminopropyl) carbodiimide (EDC) into urea 
derivatives that are soluble in water, while ensuring that 
they are not released into the collagen matrix (Grabska- 
Zielińska et al., 2022). 

EDC/HNS (N-hydroxysuccinimide) shows a 
reduced level of cytotoxicity, while significantly improving 
the physicochemical characteristics of collagen (Feng et al., 
2020). The collagen scaffold possesses several active 
groups, including hydroxyl and ester bonds, which have the 
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capability to directly interact with amino acids or proteins. 
Dialdehyde starch (DAS), a polymeric aldehyde compound, 
is synthesized through a chemical interaction between 
native starch and periodate. It initiates a crosslinking 
reaction with collagen's amino and imino groups, 
preserving its fundamental structure and enhancing its 
biological stability. DAS is characterized by minimal 
toxicity, biodegradability, antiviral capabilities, and 
mechanical properties (L. Xu et al., 2022). 


2.3.4 Enzymatic Crosslinking 


Enzymatic crosslinking is preferred over physical 
and chemical methods due to its advantages such as mild 
reaction conditions, absence of byproducts, exceptional 
specificity, and enhanced catalytic efficiency. It uses 
specialized enzymes like LOX (lysyl oxidase), MTG 
(glutamine transaminase), and HRP (horseradish 
peroxidase) to modify amino groups and produce protofibril 
connections (Ying et al., 2019). The observed phenomenon 
demonstrates a notable level of catalytic efficiency and a 
desirable degree of response to the surrounding 
environment. In physiological circumstances, the stability 
of collagen is achieved through enzymatic processes that 
occur after the translation of its protein sequence. This 
mechanism facilitates the preservation of collagen's 
structural integrity, flexibility, and physiological 
functionality (Zhao et al., 2016). Glutamine transaminase 
(MTG) has emerged as a prevalent enzyme employed for 
enhancing the mechanical strength of collagen (Lei et al., 
2020). 


The enzyme glutamine transaminase is responsible 
for the conversion of glutamine residues in collagen's y- 
hydroxylamine group into an acyl receptor. Subsequently, 
the acyl transfer process facilitates the formation of an 
isopeptide bond, leading to the establishment of a covalent 
cross linkage inside the collagen structure (Jiang et al., 
2019). Horseradish peroxidase (HRP) is a plant peroxidase 
that has been extensively utilized in commercial 
applications. The enzyme known as horseradish peroxidase 
(HRP) facilitates the synthesis of polymers rich in phenolic 
compounds through the utilization of hydrogen peroxide 
(H202) as an oxidizing agent (Frayssinet et al., 2020). 
Collagen comprises several tyrosine residues that can 
undergo oxidation by the HRP-H20: system, resulting in the 
production of active free radicals. These radicals can then 
engage in polymerization processes with collagen (Cao et 
al., 2020). Laccase, often known as LAC, is an oxidase that 
contains multiple copper ions. Evidence for the enhanced 
stability of collagen by crosslinking with LAC has been 
noticed (L. Xu et al., 2022). 


2.4 Hydrogel preparation via chitosan crosslinking 
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Chitosan's polysaccharide chains are anchored by 
hydrogen bonding, hydrophobic interactions, and ionic 
interactions, as per intermolecular forces. The molecular 
weight and ionic strength have been shown to exert an 
influence on these interactions. The process of cross-linking 
chitosan polymers is imperative for enhancing chitosan’s 
inherent characteristics, particularly its stability and 
endurance, with the ultimate objective of facilitating drug 
delivery. The categorization of chitosan-based hydrogel 
networks is determined by the method employed for 
chitosan cross-linking and manufacturing (Qun & Ajun, 
2006). 


2.4.1 Preparation of chitosan hydrogels via chemical 
cross-linking 


Chemically cross-linked hydrogels are produced 
by covalently linking chitosan macromers, leading to the 
development of bonds that cannot be reversed. Chemical 
cross-linked hydrogels can be classified into four unique 
states of formation, namely: a) chitosan cross-linked 
system, b) hybrid polymer networks (HPN), œ) 
interpenetrating polymer networks (IPN), and d) semi 
interpenetrating polymer networks (SIPN). 


The phenomenon of chemical cross-linking in 
chitosan chains can be linked to the presence of amines and 
hydroxyl groups. Chemical cross-linking can be 
accomplished through the utilization of cross-linkers or by 
means of a photopolymerization reaction (Sheng et al., 
2019). 


2.4.2 Physical cross-linking 


Another type of crosslinking involves the use of 
physical interactions to create chitosan-based hydrogel 
networks. Ionic interactions can give rise to the formation 
of ionically cross-linked chitosan hydrogels and 
polyelectrolyte complexes. Additionally, secondary 
interactions can occur within networks known as grafted 
chitosan hydrogels and entangled chitosan hydrogels 
(Berger et al., 2004). 


2.4.3 Chemical versus physical cross-linking 


Hydrogel stability depends on the cross-linking 
mechanism used. Covalent cross-linked hydrogels have 
resilience against environmental conditions but require 
additional purification to remove harmful agents. Physically 
cross-linked hydrogels have higher biocompatibility due to 
the absence of chemical cross-linkers, making them more 
bearable. However, these materials may have restricted 
mechanical stability and are susceptible to environmental 
changes like pH, temperature, or ionic strength fluctuations. 
Therefore, it's crucial to incorporate extra purification 
procedures for these systems (Berger et al., 2004). The 
unique characteristic of physically cross-linked hydrogels is 
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highly advantageous in the development of stimuli- 
responsive systems that exhibit sensitivity to environmental 
conditions. These systems have the potential to be utilized 
for targeted medication administration under specific 
circumstances (Zhang et al., 2009). 


Ii. CHITOSAN AND COLLAGEN COMPOSITE 
HYDROGELS PREPARATION USING 
DIVERSE POLYMERS 


3.1. Chitosan and collagen based composite hydrogels 
with natural polymers 


Natural polymer hydrogels exhibit a diminished 
antigenicity, favorable biocompatibility, and a reduced 
likelihood of eliciting immunological rejection. In addition, 
some natural polymer hydrogels possess intrinsic 
antibacterial characteristics, including chitosan and 
cellulose. Nevertheless, the antimicrobial characteristics 
exhibited by these natural polymers are insufficient for their 
application in clinical settings. Previous research has 
demonstrated the incorporation of antibiotics and 
antibacterial agents, including metal nanoparticles and 
conventional drugs, into hydrogels (Zhong et al., 2020). 
Furthermore, sophisticated techniques have been employed 
to fabricate diverse multifunctional hydrogels that exhibit 
notable characteristics such as potent antibacterial activity 
and controlled release of therapeutic agents under specific 
conditions (e.g., pH-responsive hydrogels, photo-controlled 
release hydrogels, thermoresponsive gels) (Trombino et al., 
2019). Numerous natural polymers serve as biomaterials in 
the formulation of hydrogels; however, their utility is 
hindered by inherent drawbacks such as inadequate 
stability, mechanical characteristics, and vulnerability to 
degradation. Synthetic polymers are commonly used in 
hydrogel wound dressings due to their superior stability, 
mechanical characteristics, and ability to address 
mechanical and viscoelastic challenges, making them a 
popular choice (Raus et al., 2021). 


3.1.1. Alginate 


Alginate, a marine biopolymer derived from 
brown seaweed, is widely used in medical dressings due to 
its biocompatibility, non-toxicity, hydrophilicity, and 
hemostatic properties (Gunes & Ziylan Albayrak, 2021). 
Injectable hydrogels are extensively utilized in various 
applications due to their notable characteristics, including 
high solubility in aqueous solutions, fast gelation, 
exceptional flexibility, and biocompatibility (Zhao et al., 
2020). A new composite hydrogel was prepared from 
double net xanthan gum (XG) and dopamine-modified 
oxidized sodium alginate (OSA-DA), specifically designed 
for wound dressing and skin simulation sensing. Hydrogel 
possesses the advantageous characteristics of self-healing 
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and injectability, which allow it to effectively fill wounds of 
various shapes and sizes, as well as provide a suitable 
covering for the skin surface to facilitate monitoring. The 
hydrogel's capacity to function as a sensor establishes a 
basis for investigating a novel hydrogel dressing that 
combines biological and sensing functionalities, thereby 
facilitating human health monitoring. Reactive oxygen 
species (ROS) in the vicinity of injured tissue can cause 
potential DNA and protein impairment impede tissue 
regeneration (Zhao & Yuan, 2022). 


It has been observed that cannabinol (CBD) 
possesses the capacity to impede the production of 
superoxide free radicals originating from oxidase enzymes 
NOX! and NOX4, along with oxidase enzyme XO. 
Furthermore, it has been observed that CBD exhibits the 
ability to reduce the production of reactive oxygen species 
(ROS) (Atalay et al., 2019). Zn?* exhibits antibacterial 
capabilities across a wide range of bacterial strains. 
Additionally, it has been found that Zn* has the ability to 
modulate the expression of the vascular growth factor 
(VEGF) gene and facilitate the process of angiogenesis 
(Atalay et al., 2019). A novel hydrogel composed of zinc 
alginate (AlgZn) infused with cannabinol (CBD) was 
prepared. This was achieved by incorporating CBD and 
Zn2+ ions into a pre-existing sodium alginate hydrogel 
matrix. The findings from in vitro investigations on 
hydrogels shown that CBD/Alg-Zn hydrogels had 
remarkable attributes in terms of anti-inflammatory, 
antioxidant, and antibacterial effects. Thus, these hydrogels 
hold promise as innovative wound dressings with 
multifunctional capabilities for facilitating wound healing 
(Zheng et al., 2022). Furthermore, the integration of mineral 
constituents into the polymer matrix has the potential to 
induce the inherent proliferation of living tissue and 
facilitate the restoration of compromised anatomical 
structures. This issue poses significant complexities within 
the field of regenerative medicine (Ma & Yu, 2021). A 
PVP-HA-SA hydrogel membrane was developed by adding 
hydroxyapatite (HA) in-situ. This enhanced adhesion, 
decreased cytotoxicity, and encouraged tissue growth and 
wound healing. Experiments showed that higher 
concentrations of PVP can improve the hydrogel 
membranes’ adhesion properties, mitigating HA-induced 
toxicity. The membranes exhibit robust adhesion and 
minimal toxicity, facilitating cell tissue growth and 
potentially serving as a bandage for wounds on the human 
body (Fadeeva et al., 2021). 


3.1.2. Hyaluronic Acid (HA) 


Hyaluronic acid, a natural polymer with 
biocompatibility, degradability, high hydrophilicity, 
moisturizing properties, and wound healing capabilities, is 
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widely used in the biomedical domain. Additionally, it is 
frequently employed in the fabrication of hydrogel 
dressings (Alven & Aderibigbe, 2021). The natural deep 
eutectic solvent (DES) exhibits favorable biocompatibility 
and has significant efficacy in facilitating the process of 
wound healing. As a result, it holds considerable promise 
for utilization within the domain of innovative hydrogel 
wound dressings (Y. Wang et al., 2020). An innovative 
antibacterial material called DES-DASH@Ag hydrogel 
wound dressing, was introduced. This material was 
prepared by filling a deep eutectic solvent (DES) with 
lyophilized solute. The DES was then combined with a 
DASH polymer network, resulting in the formation of the 
antibacterial material. Glucose and choline chloride exhibit 
properties that facilitate skin tissue regeneration and 
mitigate the risk of wound infection (Li et al., 2021). The 
DES-DASH@Ag_ hydrogel wound dressing, made of 
AgNPs_ synthesized through dopamine reduction and 
sodium hyaluronate coating, shows significant antibacterial 
and biocompatibility properties, with cellular activity 
exceeding 80%. Its sponge-like structure facilitates water 
absorption and interception, creating a moist environment 
for wound healing (Qian et al., 2020). Photo crosslinking, a 
technique used in wound dressings, has shown significant 
potential in clinical medicine due to its rapid crosslinking 
rate, minimal invasiveness, and ability to manage the 
process duration. This advancement in in situ hydrogels is 
gaining interest (Pang et al., 2021). Nevertheless, the light 
initiator utilized in the photocrosslinking reaction often 
exhibits drawbacks such as limited solubility in water and 
potential harm to living cells. The absence of initiators 
during UV treatment in the crosslinking reaction of 
hydrogels has been seen to result in the non-generation of 
hazardous chemicals. The dual network structure exhibits 
remarkable strength and toughness 
simultaneously, hence endowing the produced hydrogels 
with a diverse range of exceptional functionalities (Sun et 
al., 2020). A dual network hydrogel (CMC-AZ/HANB) was 
developed with various functionalities, composed of azide- 
functionalized CMC (CMC-AZ) and o-nitrobenzyl 
modified HA (HA-NB). The hydrogel's mechanical 
properties were enhanced, and the use of amoxicillin as a 
medicine within hydrogels showed significant wound 
healing efficacy (Mao et al., 2022). 


3.1.3. Gelatin 


mechanical 


The low mechanical strength of chitosan can be 
efficiently addressed by blending its biopolymer with other 
polymers (Hong et al., 2019). A covalently antibacterial 
alginate-chitosan hydrogel dressing that incorporated 
gelatin microspheres loaded with tetracycline hydrochloride 
was developed. This was achieved through the utilization of 
the emulsion crosslinking approach, with the purpose of 
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enhancing wound healing. The microspheres containing 
antibiotics are integrated into the gel scaffolds, resulting in 
both sustained drug release and improved mechanical 
qualities. The principal objective was to augment the 
mechanical characteristics and drug administration 
capacities of hydrogels obtained from natural sources (H. 
Chen et al., 2017). 


The application of antibacterial composite 
hydrogel dressings has been shown to effectively enhance 
wound healing by addressing and treating infections. To 
provide a visual representation, the experiment 
demonstrated the phenomenon of growth inhibition in 
relation to Escherichia coli and Staphylococcus aureus 
(Sudheesh Kumar et al., 2012). Novel wound dressing 
materials were developed using gelatin and gelatin-based 
chitosan bilayers. Gelatin's biocompatibility and 
biodegradability make it ideal for medicine and 
pharmaceuticals. The study used an ex vivo model to 
investigate biocompatibility. The cross-linked gelatin 
provides mechanical support to hydro-films, while a porous 
structural matrix shows swelling capacity. No cytotoxicity 
was found during in vitro testing. The bilayer hydrofilm in 
human skin showed satisfactory biocompatibility, 
indicating its potential for wound healing (Garcia-Orue et 
al., 2019). 


A multifunctional hydrogel, the Gel/TA (Gelatin- 
Tannic Acid) hydrogel, was synthesized using gelatin and 
tannic group functional groups. This hydrogel has the 
potential to be used in full-thickness wound management 
and release active compounds within wound settings. The 
hydrogel's cytocompatible properties, ability to induce 
ECM regeneration, and promotion of cell adhesion and 
proliferation have been shown to improve wound healing 
processes. The gel-based composite hydrogel has potential 
for clinical management of full-thickness wounds 
(Ahmadian et al., 2021). 


The antioxidative action of the Gel/TA hydrogel is 
attributed to TA, which possesses a polyphenolic structure 
and contains many hydroxyl (OH) groups (Jimoh et al., 
2016). Nevertheless, research indicates that the process of 
gelation in hydrogel formation involves the occurrence of 
hydrogen bonding cross-linking (Kamoun et al., 2017). In 
contrast, the impact of adding 2-hydroxyethyl methacrylate 
(HEMA) and poly (ethylene glycol) methyl ether 
methacrylate (PEGMA) to Gel-N-acetylcysteine hydrogels 
was studied. These polymers enhance wound healing and 
blood clotting abilities. The antioxidant activity of these 
hydrogels is attributed to the conversion of amino groups 
into amides through dehydrothermal cross-linking 
treatment. The study also found a decline in antioxidant 
cross-linking in hydrogels derived from N-acetylcysteine 
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due to decreased amino group accessibility. This suggests 
that dehydrothermal crosslinking significantly enhances the 
antioxidation ability of gel-based hydrogels (Gomez- 
Aparicio et al., 2021). 


3.1.4. Agarose 


Agarose, a linear polysaccharide, is widely used in 
biological investigations due to its minimal interaction with 
biomolecules, robust properties, and ability to form gels. Its 
high biocompatibility makes it an attractive biomaterial for 
tissue engineering and medicine delivery, as tissue 
regeneration relies on biocompatibility and 
biodegradability. Its application in electrophoresis and 
bacterial cell culture is also significant (Yamada et al., 
2020). Agarose-based hydrogels show potential in 
regenerative medicine, especially in producing human skin 
and organs. Agarose, an injectable polymer, is gaining 
attention due to its in-situ polymerization, reduced 
invasiveness, on-site shape ability, and potential for 
targeted cell and signaling molecule delivery (Irastorza- 
Lorenzo et al., 2021). The utilization of agarose scaffolds 
has demonstrated enhanced surgical outcomes and 
improved consistency in cell phenotypic. Although agarose 
is widely recognized as a highly effective medium for 
facilitating tissue regeneration, there has been limited 
investigation into its application inside three-dimensional 
tumor models (Salati et al., 2020). 


The thermal crosslinking method is the 
predominant technique employed for the manufacture of 
agarose scaffolds. This approach entails employing the 
gelation procedure, which the utilization of microwave 
radiation can execute. A thermal crosslinking technique was 
used to fabricate an agarose scaffold. The process involved 
dissolving agarose (1.5% weight) in aqueous solvent using 
microwave heating, with temperatures ranging from 60 °C 
to ambient temperature. The cooling rate was set at 
30°C/min. The blending of agarose with other polymers 
resulted in an augmentation of cellular activity and cell 
regeneration (Varoni et al., 2012). 


A composite material combining agarose and silk 
for cartilage regeneration was developed. The presence of 
the silk/agarose scaffold also increased the expression of 
cartilage-specific marker genes, such as aggrecan, sox-9, 
and collagen Type II, which improved the agarose 
microenvironment for chondrocyte culture (Singh et al., 
2016). 


CHO-agarose hydrogels and _ peptide-agarose 
microgel scaffolds were developed using oxidizing 2,2,6,6— 
(tetramethylpiperidin—l1—  yl)oxyl. The peptide-agarose 
microgel scaffold-based 3D cell culture system 
demonstrated its efficacy as a biomaterial for tissue 
engineering, enhancing cell proliferation in a three- 
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dimensional environment (Yamada et al., 2020). A 
nanocomposite of agarose-gelatin-glass nanoparticles was 
developed using freeze gelation. The compound was 
dissolved in distilled water, then glass nanoparticles were 
added to the gelatin mixture. Lyophilization allowed for the 
formation of a scaffold, which could be used in treating 
osteomyelitis by enhancing the hydroxyapatite layer in 
bodily fluids, thereby promoting tissue regeneration. The 
scaffolds have potential applications in various medical 
applications (Ali et al., 2021). The utilization of agarose- 
based scaffolds offers several notable advantages, including 
robust physical crosslinking, responsiveness to changes in 
temperature, and enhanced stability even at lower 
concentrations (Utech & Boccaccini, 2016). 


3.1.5. Dextran 


Dextran, an exopolysaccharide, is produced by 
lactic acid bacteria using sucrose as a primary substrate, 
consisting of a linear chain of D-glucopyranose units linked 
by a (1—6) bonds. Additionally, there are varying numbers 
of branching connections, such as a-(1—2), a-(1—3), and 
o-(1—4), present within the molecule. The molecular 
weights of these molecules typically range around 40 kDa 
(Diaz-Montes, 2021). The compound possesses chemically 
reactive hydroxyl groups, which enable its modification 
with various functional groups, resulting in the formation of 
spherical, tubular, and _ three-dimensional networks. 
Dextran-based scaffolds that are biodegradable have the 
ability to serve as carriers for bioactive protein 
biomolecules, enabling controlled release and facilitating 
tissue regeneration. Dextran hydrogels have the potential to 
serve as a matrix for bioartificial cardiac tissue (BCT) in in- 
vitro regeneration. These hydrogels offer unique benefits 
for soft tissue engineering due to their resistance to protein 
adsorption and cell adhesion, enabling the creation of 
targeted recognition sites (Banerjee et al., 2021). The 
creation of a crosslinked network of dextran hydrogels 
through radical methacrylate group polymerization, 
resulting in macroporous scaffolds with a beaded-wall 
morphology due to the lack of miscibility between the 
dextran matrix and poly(ethylene glycol). These scaffolds 
demonstrated the ability to effectively handle liquid-liquid 
phase separations and exhibited enhanced cell penetration 
and nutrient diffusion capabilities (Lévesque et al., 2005). 
These carriers could serve as bioactive agents for various 
protein biomolecules that possess inherent biodegradability. 
However, it has been noted that these carriers are more 
expensive and exhibit lower bioavailability (Varghese et al., 
2020). 


3.2. Chitosan and collagen-based composite hydrogels 
with synthetic polymers 
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Numerous natural polymers serve as biomaterials 
in the formulation of hydrogels; however, their utility is 
hindered by inherent drawbacks such as inadequate 
stability, mechanical characteristics, and vulnerability to 
degradation. On the other hand, synthetic polymers exhibit 
enhanced stability, superior mechanical characteristics, and 
the ability to manipulate their structure and properties, and 
they effectively address the mechanical and viscoelastic 
challenges associated with hydrogels. Consequently, 
hydrogel wound dressings frequently incorporate them in 
their formulation (Raus et al., 2021). 


3.2.1. Polyvinyl alcohol (PVA) 


PVA's superior water solubility, biocompatibility, 
biodegradability, non-carcinogenicity, 
qualities, and ease of processing have led to substantial 


mechanical 


research on the material's potential for wound healing (Su 
et al., 2021). Nevertheless, the elasticity of PVA hydrogels 
is insufficient, and their hydrophilicity is also limited, hence 
constraining their standalone application as polymer 
materials for wound dressings. The utilization of intricate 
combinations comprising both natural and synthetic 
polymers is significant in enhancing the mechanical and 
physicochemical characteristics of PVA hydrogel 
dressings. Hence, several composite polymers have been 
employed in the fabrication of wound dressings based on 
polyvinyl alcohol (PVA). The careful selection and 
manufacturing techniques of these composites are of utmost 
significance, as the characteristics of PVA hydrogels are 
contingent upon the properties of the incorporated 
ingredients (Radulescu et al., 2022). 


Polyvinyl alcohol (PVA) is a promising material 
for hydrogel dressings due to its bioactivity, which prevents 
cell growth. Composite materials like chitosan and alginate 
can increase PVA's bioactivity. These dressings have shown 
promise in medication delivery systems and wound 
dressings, expediting wound healing by releasing 
therapeutic agents like medicines, DNA, growth factors, 
nanoparticles, and proteins. An experimental study aimed to 
develop PVA hydrogels with zinc oxide nanoparticles and 
mesoporous silica nanoparticles to create effective 
treatments for infected wounds using cephalexin antibiotics 
(Nikdel et al., 2021). Furthermore, there is a growing body 
of research exploring the utilization of electrospinning as an 
alternative manufacturing method to produce nanofiber 
hydrogels, specifically for the delivery of wound-healing 
active materials. This approach aims to replace 
conventional manufacturing methods now in use. Propolis 
nanoparticles are being utilized in wound healing and tissue 
regeneration by being incorporated into wound dressings 
composed of cross-linked polyvinyl alcohol (PVA) and 
propolis polymer nanofibers (Alberti et al., 2020). 
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3.2.2. Poly (N-isopropylacrylamide) 


Poly (N-isopropylacrylamide) (PNIPAM) is a 
thermos reversible hydrogel with a low critical solution 
temperature (LCST) of 32°C. Its cross-linked gels exhibit 
expansion and contraction phenomena, allowing continuous 
medication delivery based on physiological signals. 
PNIPAM has been extensively researched as a controlled 
drug delivery system (Sun et al., 2019). Thermosensitive 
polyvinyl alcohol (PVA) hydrogels were fabricated by 
using SA-g-N-isopropyl acrylamide, a thermosensitive 
copolymer, for wound management. The polymer was 
synthesized using redox co-polymerization, achieving a 
drug release rate of 65% at ambient temperature and 35% at 
temperatures above the human body's normal range 
(Montaser et al., 2019). 


3.2.3. Polyethylene Glycol (PEG) 


Polyethylene glycol (PEG) is a water-soluble, 
amphiphilic polyether with both hydrophilic and 
hydrophobic properties. As a transparent, colorless liquid, 
PEG is highly compatible with biological systems and 
exhibits exceptional biocompatibility and biodegradability. 
A bilayer dressing was developed using PVA-CMC-PEG 
hydrogels using a freeze-thaw technique. They manipulated 
the hydrogels pore size, resulting in a thorough 
combination of two layers. The double-layer dressing had 
favorable mechanical qualities, impeding germ infiltration, 
and regulating moisture loss from the wound. This created 
a moist environment leading to enhancing wound healing 
(Y. Li et al., 2019). A semi-interpenetrating hydrogel 
dressing was developed using PEG diacrylate, PVA, and 
gum tragacanth. The addition of PVA increased swelling 
rate and reduced porosity. Increased PEG diacrylate 
increased cell adhesion and network elongation. Reduction 
in PEG diacrylate reduced network disintegration. The 
dressing is non-toxic and has antibacterial efficacy 
(Hemmatgir et al., 2022). 


3.2.4. Poly (lactic-co-glycolic acid) 


Poly (lactic-co-glycolic acid) (PLGA) is a FDA- 
approved synthetic polymer widely used in pharmaceutics 
and tissue engineering due to its biocompatibility, 
adjustable mechanical properties, and manageable 
degradation rate. It can be easily manufactured by adjusting 
the copolymer ratio between lactic acid and glycolic acid 
(Sezlev Bilecen et al., 2019). Periodontal tissue 
regeneration requires materials that meet the necessary 
requirements. Synthetic polymers have favorable 
mechanical and biological attributes but lack 
biocompatibility. Natural polymers have hydrophilicity and 
biocompatibility but lack the necessary mechanical 
features. Research groups are developing periodontal 
materials for guided tissue regeneration (GTR) and guided 
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bone regeneration (GBR) by combining natural polymers 
with inorganic or synthetic polymers to achieve the 
necessary characteristics (Forero et al., 2017). The 
combination of PLGA and CS can be readily achieved using 
diverse methodologies to form nanoparticles. The 
utilization of PLGA nanoparticles (nPLGA) and CS 
nanoparticles (nCS) as drug delivery systems has been 
widely employed in many applications. Nano-sized 
materials are commonly preferred in periodontal surgery, 
making it necessary to synthesize nanoparticles. This study 
aims to synthesize periodontal tissue regeneration materials 
by combining nPLGA, nCS, and nAg. The objective is to 
develop a biocompatible substance that promotes cellular 
mineralization and reduces periodontal disease relapse. The 
research involved synthesizing nanoparticles of PLGA, CS, 
and Ag, and investigating their cytotoxicity and impact on 
cell calcification. After understanding the characteristics of 
the materials, they were mixed and evaluated for their 
cytological properties. This is the first research on this 
combination (Ma et al., 2018). 


IV. EFFECT OF TEMPERATURE AND pH ON 
CHITOSAN-COLLAGEN HYDROGELS 


The effects of temperature on hydrogels can either 
be positive or negative. If gel material swells with the rise 
in temperature and pH then it is a positive response. If 
shrinks, then it is a negative response (Huang et al., 2019). 


4.1. Temperature-sensitive nature of hydrogels 


Temperature-sensitive hydrogels can be categorized 
into two types based on their structure: negatively thermo- 
sensitive hydrogels and positively thermo-sensitive 
hydrogels. Polymers having LCST can negatively generate 
temperature sensitive hydrogels, the polymers shrink along 
with the temperature increases. At reduced temperatures, 
the prevalence of hydrogen bonding between hydrophilic 
groups within the polymer chain and water molecules 
becomes prominent, resulting in the solubility of the 
polymer in water. Nevertheless, as the temperature rises, the 
hydrophobic contacts between hydrophobic groups are 
enhanced, whilst the strength of hydrogen bonding 
diminishes, resulting in the phenomenon of gelation. 
Hydrogels that exhibit a positive temperature sensitivity 
demonstrate an increase in their solubility in water as the 
temperature rises, hence exhibiting an upper critical 
solution temperature (UCST) (Huang et al., 2019). 


4.2. pH-sensitive behavior of hydrogels 
pH-responsive polymers (PRPs) exhibit a capacity 
to undergo structural and property modifications in 


response to fluctuations in environmental pH. These 
alterations encompass changes in surface activity, chain 
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structure, conformation, solubility, and configuration. pH- 
sensitive polymers are characterized by the presence of 
acidic or basic functional groups, which exhibit the ability 
to either take or donate protons in response to changes in 
the surrounding pH conditions. PRP types are present and 
can be differentiated based on categorization criteria, 
including distinguishing weak bases from weak acids, as 
well as differentiating biopolymers and degradable 
polymers from synthetic polymers. Nanoparticles are 
utilized in several fields, such as medicine delivery, gene 
delivery, actuation and sensing/biosensing, and separation 
techniques, among others (Wei et al., 2017). 


Chitosan demonstrates pH-sensitive 
characteristics as a weak polybase owing to the abundant 
presence of amino groups along its molecular chain. 
Chitosan has great solubility in acidic conditions; however, 
it retains its insoluble nature when exposed to alkaline pH 
levels. The process of pH-sensitive swelling is initiated by 
the protonation of the amine groups when exposed to low- 
pH circumstances. Protonation induces chain repulsion, 
resulting in the diffusion of protons, counter ions, and water 
inside the gel matrix, as well as the dissociation of 
secondary connections. The phenomenon of pH sensitivity 
has been documented in the context of drug delivery 
applications (Woraphatphadung et al., 2018). Successful 
production of pH-sensitive nanocomposites composed of 
chitosan and silica was documented, with the incorporation 
of curcumin. The researchers exhibited a release of 
curcumin that was dependent on pH. The researchers 
reached a conclusion regarding the adjustable release 
profile of the active chemical by utilizing the pH of the 
release medium (Gaware et al., 2019). Other researchers 
have also demonstrated the pH-dependent release of drugs 
utilizing polymeric polymers based on chitosan (Ata et al., 
2020). A novel chitosan-based film was developed that 
exhibits pH-dependent color-changing properties, thereby 
demonstrating its potential as a creative application. 
Alizarin was integrated into the formulation for the purpose 
of enhancing the functionality and intelligence of food 
packaging materials. The composite film exhibited a 
discernible alteration in color, transitioning from a faint 
yellow hue to a vibrant purple shade, in response to 
fluctuations in pH within the range of 4 to 10. The film 
composed of chitosan and alizarin exhibited antibacterial, 
antioxidant, and color-changing characteristics in response 
to changes in pH (Ezati & Rhim, 2020). 


4.3. Advantages of temperature and pH-sensitive 
hydrogels in wound care 


Temperature-sensitive hydrogels have 
demonstrated exceptional potential as carriers for the 
delivery of diverse biotherapeutic compounds, offering 
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several notable advantages: (i) Temperature-sensitive 
hydrogels have the ability to undergo gelation at 
physiological temperatures, making them more practical for 
administration purposes. (ii) The hydrogel matrix that is 
formed can provide protection for delicate drugs and cells 
that are incorporated within it. (iii) The controlled release of 
biotherapeutic molecules from hydrogels allows for 
enhanced efficacy and a reduction in potential side effects. 
The obstacles and constraints associated with the use of 
temperature-sensitive hydrogels as delivery vehicles for 
biotherapeutic compounds include the mechanical strength 
of the swelling gel, its low temperature sensitivity, and the 
biocompatibility of the polymers (Huang et al., 2019). 
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4.3.1 Effect of temperature and pH sensitivity of 
chitosan-collagen hydrogels 


Thermo and pH-responsive hydrogels were 
developed and loaded with doxorubicin (DOX) with 
potential therapy of breast cancer. Swelling studies of 
hydrogels and their morphology implied the porous 
structure, high water content with rapid swelling/deswelling 
rate in response to abrupt changes of pH and temperature. 
The release investigation of DOX at different concentration, 
temperature and pH values confirmed the accelerated 
release of DOX in lower concentration and acidic condition 
at 37 °C as compared to neutral pH and the temperature of 
40°C. 

The proliferation of MCF-7 cells on the prepared 
hydrogel and DOX-loaded hydrogel was evaluated by 4’,6- 
diamidino-2-phenylindole (DAPI) staining which further 
demonstrated the potential of developed hydrogels for local 
therapy of breast cancer (Fathi et al., 2019). 


@ Wound healing 
@ Drug delivery 


@ Improved functioning 


Swollen hydrogel 
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Fig: 9. Effect of temperature and pH on hydrogels 


Injectable hydrogels have shown great potential in 
cell therapy and drug delivery. They can easily fill in any 
irregular-shaped defects and remain in desired positions 
after implantation using minimally invasive strategies. 
Here, we developed hydrogels prepared from tilapia skin 
collagen and chitosan (HCC). The residual mass rate of 
HCC was affected by the pH at the time of preparation, 
which was 29.1 % at pH 7 in 36h. By comparison, the 
residual mass ratios of HCC at pH values of 6 and 5 were 
only approximately 8.4 % and 0, respectively. In addition, 
the stability of HCC was also affected by the concentration 
of components. HCC10 catalyzed by 
10mg mL" tilapia skin collagen and 10 mg mL! chitosan 
was more stable than HCCS catalyzed by 5 mg mL”! tilapia 
skin collagen and 10mgmL'! chitosan; therefore, we 


these two 
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studied the ability of HCC10 to deliver two model 
2D5 and KPU. As the concentration of 
nanobodies increased, the cumulative release rate of 2D5 
decreased, and the release rate of KPU 
Meanwhile, the cumulative release rate of 2D5 was the 
highest (68.3 %) at pH 5.5, followed by pH 6.8 (56.4 %) and 
7.4 (28.4 %). However, the cumulative release rates of KPU 
were similar at pH 5.5 (45.1 %), 6.8 (46.5 %), and 7.4 (44.9 
%). HCC is biodegradable and can facilitate the release 
nanobodies; thus, HCC could be developed into an 
intelligent responsive tumor treatment matrix for use in 


nanobodies: 


increased. 


cancer therapy (Maturavongsadit et al., 2020). 


Dapsone (DAP) is a bactericidal agent used in the 
treatment of leprosy caused by Mycobacterium leprae. 
Despite its therapeutic potential, DAP has low solubility, 
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which results in allow therapeutic index and a high 
microbial resistance. Recently, new approaches were used 
to increase the DAP solubility. In particular, the use of 
interpenetrating polymer network (IPN)-hydrogels based 
chitosan (CS) for the controlled release of DAP provides 
some advantages because they can modify their swelling 
properties and network structures as a response to 
environmental stimuli. The aim of this study was to 
synthesize and  physiochemically characterize pH- 
responsive chitosan/polymer hydrogels to control the 
release of DAP. For this reason, different combinations of 
polymers, such as polyvinyl pyrrolidone, polyethylene 
glycol and hydroxypropyl methylcellulose, and 
concentrations of the cross-linking agents (glutaraldehyde) 
were used and then blended to the CS. The resulting 
hydrogels were evaluated in terms of physicochemical and 
swelling properties, rheological analysis, and in vitro 
release of DAP at different pHs (1.2—6.8). Hydrogels were 
further characterized by Fourier transformed infrared (FT- 
IR) spectroscopy and scanning electron microscopy (SEM) 
analysis. pH-responsive DAP-loaded hydrogels may 
represent the set-up for developing potential oral 
formulations for the treatment of leprosy caused by 
Mycobacterium leprae (Chaves et al., 2019). 


Fucoidans, sulfated polysaccharides from brown 
algae, possess multiple bioactivities regarding osteogenesis, 
angiogenesis, and inflammation, all representing key 
molecular processes for successful bone regeneration. To 
utilize fucoidans in regenerative medicine, a delivery 
system is needed that temporarily immobilizes the 
polysaccharide at the injured site. Hydrogels have become 
increasingly interesting biomaterials for the support of bone 
regeneration. Their structural resemblance with the 
extracellular matrix, their flexible shape, and capacity to 
deliver bioactive compounds or stem cells into the affected 
tissue make them promising materials for the support of 
healing processes. Injectable hydrogels stand out due to 
their minimal invasive application. In the current study, we 
developed an injectable thermosensitive hydrogel for the 
delivery of fucoidan based on chitosan, collagen, and ß- 
glycerophosphate (B-GP). Physicochemical parameters 
such as gelation time, gelation temperature, swelling 
capacity, pH, and internal microstructure were studied. 
Further, human bone-derived mesenchymal stem cells 
(MSC) and human outgrowth endothelial cells (OEC) were 
cultured on top (2D) or inside the hydrogels (3D) to assess 
the biocompatibility. We found that the sol-gel transition 
occurred after approximately 1 min at 37 °C. Fucoidan 
integration into the hydrogel had no or only a minor impact 
on the mentioned physicochemical parameters compared to 
hydrogels which did not contain fucoidan. Release assays 
showed that 60% and 80% of the fucoidan was released 
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from the hydrogel after two and six days, respectively. The 
hydrogel was biocompatible with MSC and OEC with a 
limitation for OEC encapsulation. This study demonstrates 
the potential of thermosensitive chitosan-collagen 
hydrogels as a delivery system for fucoidan and MSC for 
the use in regenerative medicine (Ohmes et al., 2022). 


Mandible defects are a difficult issue in dental 
surgery owing to limited therapeutic options. Recombinant 
human bone morphogenetic protein-2 (rhBMP2) is 
osteoinductive in bone regeneration. This article prepared 
chitosan/collagen hydrogels with rhBMP2-incorporated 
gelatin microsphere (GMs) for a sustained release of 
rhBMP2 to induce bone regeneration in rabbits. The 
thBMP72 release profiles in vitro were investigated within a 
period of 4 weeks. The test groups were hydrogels+10 ug 
rhBMP2, GMs+10 ug rhBMP2, and hydrogels/GMs+10 ug 
thBMP2. These delivery systems were suspended in 2 mL 
of PBS (pH 7.4) and incubated at 37°C with shaking at 80 
rpm for 4 weeks. At predetermined time points, 50 uL of 
supernatants were harvested and then 50 uL of fresh PBS 
(pH 7.4) was supplemented. The concentrations of released 
rhBMP2 in the harvests were detected using the rhBMP2 
ELISA kit (R&D Systems, Shanghai, China). The 
cumulative release of rhBMP2 was computed. 
Chitosan/collagen hydrogels with rhBMP2- incorporated 
GMs exhibited an ideal releasing profile of rhnBMP2 in 
vitro. These composite scaffolds had a better capacity to 
heal mandible defects than the other two hydrogel scaffolds. 
Chitosan/collagen hydrogels with rhBMP2-incorporated 
GMs might be potential carriers of rhBMP2 for accelerating 
the repair of bone defect (Song et al., 2016). 


This introduces a novel type of injectable 
temperature-sensitive chitosan/glycerophosphate/collagen 
(C/GP/Co) hydrogel that possesses great biocompatibility 
for the culture of adipose tissue-derived stem cells. The 
C/GP/Co hydrogel is prepared by mixing 2.2% (v/v) 
chitosan with 50% (w/w) B-glycerophosphate at different 
proportions and afterwards adding 2 mg/ml of collagen. The 
gelation time of the prepared solution at 37°C was found to 
be around 12 min. The inner structure of the hydrogel 
presented a porous spongy structure, as observed by 
scanning electron microscopy. Moreover, the osmolality of 
the medium in contact with the hydrogel was in the range of 
310-330 mmol kg—1. These analyses have shown that the 
C/GP/Co hydrogels are structurally feasible for cell culture, 
while their biocompatibility was further examined. Human 
adipose tissue-derived stem cells (ADSCs) were seeded into 
the developed C/GP and C/GP/Co hydrogels (The ratios of 
C/GP and C/GP/Co were 5:1 and 5:1:6, respectively), and 
the cellular growth was periodically observed under an 
inverted microscope. The proliferation of ADSCs was 
detected using cck-8 kits, while cell apoptosis was 
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determined by a Live/Dead Viability/Cytotoxicity kit. After 
7 days of culture, cells within the C/GP/Co hydrogels 
displayed a typical adherent cell morphology and good 
proliferation with very high cellular viability. It was thus 
demonstrated that the novel C/GP/Co hydrogel herein 
described possess excellent cellular compatibility, 
representing a new alternative as a scaffold for tissue 
engineering, with the added advantage of being a gel at the 
body’s temperature that turns liquid at room temperature 
(Song et al., 2010). 


Thermo and pH responsive chitosan—collagen 
(CHT-CLG) scaffolds were prepared using a non-residue 
strategy. CHT—CLG scaffolds (pH sensitive) were produced 
by freeze dryingmethod, cross-linked with glutaraldehyde, 
and coated with poly (N,N -diethylacrylamide) (PDEAAm) 
in supercritical media to confer the thermoresponsive 
behavior. This green and integrated process generated a 
wide range of porous structures with different mechanical 
properties, reversible swelling ability and controlled 
biodegradability, depending on the scaffold composition 
and cross-linking degree. The ability of these dual sensitive 
structures to control the release of a low molecular weight 
drug (ibuprofen, Ibu) and a model protein (BSA) was 
investigated. Small portions of the native and PDEAAm 
coated scaffolds (around 20 mg) were placed inside a 50 mL 
of buffer solutions at different pH (5.5 or 7.4) and 
temperatures (20 and 37 °C). 1 mL aliquots were withdrawn 
periodically from the solutions and collected in eppendorfs. 
The release medium was refreshed with buffer solution (1 
mL) after sampling. In order to determine the ibuprofen and 
BSA released, the samples were analyzed in a Helius Alpha 
DoubleBeam UV/VIS spectrophotometer at 265 and 280 
nm, respectively. In order to design a completely clean 
strategy to develop potential pH and thermo ON-OFF 
devices with controlled morphological and mechanical 
properties for drug delivery, chitosan and collagen-based 
scaffolds were prepared by freeze drying method and coated 
with PDEAAm in scCO2. By varying the scaffold 
composition as well as the cross-linking degree, it was 
possible to tune the morphological and mechanical 
properties of the blended matrices. The efficiency of the 
hydrogel coating was evaluated by investigating the mean 
pore size of the matrices, the swelling—deswelling ability, 
the biodegradability, cytotoxicity, and mechanical behavior 
of the PDEAAm-coated scaffolds. Owing to the promising 
morphological, biological, and mechanical features, the 
native scaffolds also proved to have a defined pH-sensitive 
behavior, and the PDEAAm-coated ones showed an 
effective dual (pH and thermo) sensitive conduct. 
Moreover, the BSA release profile was revealed to be 
significantly dependent on pH and temperature effects 
(higher release profiles at pH 7.4 and 20 °C), while the Ibu 
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release behavior demonstrated to be mainly reliant on 
morphological and mechanical properties of the scaffolds 
(higher release profiles using CLG scaffolds cross-linked 
with 1% of GA). Herein it was developed an integrated 
sustainable strategy comprising scaffold preparation, drug 
loading, cross-linking process and coating in scCO2 to 
produce dual thermo and pH responsive chitoswas an— 
collagen scaffolds for sustained drug delivery; future work 
will extend the strategy to generate highly regulated dual 
sensitive porous networks able to release therapeutic 
antibodies, growth factors, genes and enzymes which are 
also essential biomolecules for tissue regeneration (Barroso 
et al., 2014). 


In situ 3D printing technologies is a new frontier 
for highly personalized medicine, which requires suitable 
bioink with rheology, biocompatibility, and gelation 
kinetics to support the right shape and mechanical 
properties of the printed construct. To this end, a facile 
design of thermo/photo dual cure composite hydrogel was 
proposed using MHBC and soluble collagen in this study. 
M/C composite hydrogel exhibited rapid thermo-induced 
sol-gel transition and contraction, tunable mechanical 
properties, proper microstructure, and biodegradability for 
3D cell culture, as well as improve cyto-compatibility, all 
of which were dependent upon the methacrylation degree of 
MHBC and M/C ratios. The printability of the optimal 
formulation (3% MHBC/1% collagen) was validated by its 
mild printing condition, rapid gelation of bioink at 37 °C 
and simple postprocessing manipulation. Both desirable 
printability and cyto-compatibility enable M/C composite 
hydrogel, a potential candidate as bioink to be applied for in 
situ 3D bioprinting (Liu et al., 2021). 


Chitosan and collagen are natural biomaterials that 
have been used extensively in tissue engineering, both 
separately and as composite materials. Most methods to 
fabricate chitosan/collagen composites use freeze drying 
and chemical crosslinking to create stable porous scaffolds, 
which subsequently can be seeded with cells. In this study, 
we directly embedded human bone marrow stem cells 
(hBMSC) in chitosan/collagen materials by initiating 
gelation using b-glycerophosphate at physiological 
temperature (37°C) and pH (7.3-7.4). We further examined 
the use of glyoxal, a dialdehyde with relatively low toxicity, 
to crosslink these materials and characterized the resulting 
changes in matrix and cell properties. The cytocompatibility 
of glyoxal and the crosslinked gels were investigated in 
terms of hBMSC metabolic activity, viability, proliferation, 
and osteogenic differentiation. These studies revealed that 
glyoxal was cytocompatible at concentrations below about 
1 mM for periods of exposure up to 15 h, though the degree 
of cell spreading, and proliferation were dependent on 
matrix composition. Glyoxal-crosslinked matrices were 
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stiffer and compacted less than uncrosslinked controls. It 
was further demonstrated that hBMSC can attach and 
proliferate in three-dimensional matrices composed of 
50/50 chitosan/collagen, and that these materials supported 
osteogenic differentiation in response to stimulation. Such 
glyoxal-crosslinked chitosan/collagen composite materials 
may find utility as cell delivery vehicles for enhancing the 
repair of bone defects (Wang & Stegemann, 2011). 


Chitosan and collagen type I are naturally derived 
materials used as cell carriers because of their ability to 
mimic the extracellular environment and direct cell 
function. In this study beta-glycerophosphate (b-GP), an 
osteogenic medium supplement and a weak base, was used 
to simultaneously initiate gelation of pure chitosan, pure 
collagen, and chitosan-collagen composite materials at 
physiological pH and temperature. Adult human bone 
marrow-derived stem cells (hBMSC) encapsulated in such 
hydrogels at chitosan/collagen ratios of 100/0, 65/35, 25/75, 
and 0/100 wt% exhibited high viability at day 1 after 
encapsulation, but DNA content dropped by about half over 
12 days in pure chitosan materials while it increased 
twofold in materials containing collagen. Collagen- 
containing materials compacted more strongly and were 
significantly stiffer than pure chitosan gels. In monolayer 
culture, exposure of hBMSC to b-GP resulted in decreased 
cell metabolic activity that varied with concentration and 
exposure time but washing effectively removed excess b- 
GP from hydrogels. The presence of chitosan in materials 
resulted in higher expression of osterix and bone 
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sialoprotein genes in medium with and without osteogenic 
supplements. Chitosan also increased alkaline phosphatase 
activity and calcium deposition in osteogenic medium. 
Chitosan—collagen composite materials have potential as 
matrices for cell encapsulation and delivery or as in situ gel- 
forming materials for tissue repair (Wang & Stegemann, 
2010). 


V. CHITOSAN-COLLAGEN HYDROGELS 
ANTI-BACTERIAL AND WOUND- 
HEALING PROPERTIES 


The conjugation of chitosan biopolymer with other 
polymers might successfully address the difficulty of 
chitosan's low mechanical strength (Garnica-Palafox & 
Sanchez-Arévalo, 2016). Using an emulsion crosslinking 
approach, a hydrogel dressing was prepared with 
antibacterial properties through covalent bonding and 
gelatin microspheres that transport tetracycline 
hydrochloride, aiding wound healing. These microspheres, 
infused with antibiotics, are inserted into gel scaffolds, 
ensuring continuous drug release, and enhancing 
mechanical properties. The study aimed to improve the 
mechanical and drug transport characteristics of natural 
hydrogels, enhancing wound healing, and addressing 
infections. The dressings effectively inhibit the growth of E. 
coli and S. aureus, which often multiply after infections (H. 
Chen et al., 2017). Examples of the antibacterial activity of 
chitosan-based hydrogels are shown in Table 1. 


Table 1: Different types of chitosan-based hydrogels for antibacterial activity. 


Bacterial Species Hydrogel Type 


References 


E. coli 


PEG-Chitosan Hydrogel 


(Sharma et al., 2019) 


E. coli and S. aureus 


Chitosan/Alginate 
FGF/VE-Cadherin 


Hydrogel Dressing Loaded 


(Wei et al., 2022) 


E. coli, S. aureus and P. aeruginosa 
Nano Zinc oxide 


PVA/Starch/Chitosan Hydrogel Membranes with 


(Baghaie et al., 2017) 


E. coli and S. aureus 


Polyvinyl alcohol (PVA)/N-succinyl chitosan 


(Qing et al., 2021) 


(NSCS)/lincomycin hydrogels 


S. aureus 


Chitosan/PVA-Based Hydrogel Films 


(Mohite et al., 2023) 


Innovative wound dressing materials were 
developed by combining gelatin and chitosan in a bilayer 
structure. Gelatin is widely used in medical and 
pharmaceutical applications due to its biocompatibility and 
biodegradability (Fig. 10). The materials can be used for 
wound healing due to their mechanical reinforcement and 
swelling capacity. The porous structural matrix showed no 
in vitro cytotoxicity, ensuring the hydro-film's mechanical 
integrity. The bilayer hydrofilm in human skin showed 
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significant biocompatibility (Garcia-Orue et al., 2019). 
Researchers are now exploring hydrogen-bonded 
extracellular miatrix-mimicking hydrogels for wound 
treatment. A hydrogel was made mimicking the 
extracellular matrix (ECM) using gelatin and tannic groups. 
The Gel/TA hydrogel is suitable for full-thickness wound 
treatment, releasing active chemicals and promoting wound 
healing through cytocompatibility, regeneration, and cell 
adhesion. The antioxidation action of the Gel/TA hydrogel 
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is attributed to the polyphenolic structure of TA and the 
abundance of OH groups it contains (Ahmadian et al., 
2021). Investigations have shown that hydrogen bonding 
cross-linking takes place throughout the process of hydrogel 
formation, leading to gelation (Kamoun et al., 2017). Gel- 


PVA 


Blend Freeze-thaw 
J @e-—- 


Collagen Hydrogel 


Chitosan 
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N-acetylcysteine hydrogels were enhanced with HEMA and 
PEGMA, enhancing wound healing and blood clotting. The 
antioxidant activity decreases with dehydrothermal cross- 
linking, affecting the antioxidation capabilities more than 
uncross-linked polymers (Gomez-Aparicio et al., 2021). 
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Fig.10: Chitosan-collagen have antimicrobial and wound healing effects 


Skin diseases are a significant and critical clinical 
concern. Hydrogels, which mimic the human body's 
extracellular matrix, can be used as regenerative scaffolds 
to address skin defects. Synthesized by blending hyaluronic 
acid (HA) and carboxylated chitosan (CCS) with human- 
like collagen (HLC), these hydrogels have been tested for 
their biocompatibility. The hydrogels significantly 
enhanced the adhesion, proliferation, and migration of L929 
cells, validating their biocompatibility. In vivo experiments 
showed they inhibited microorganism infiltration into 
wounds and facilitated wound healing. Subcutaneous 
implantation experiments showed hydrogels degrade over 
time and restricted inflammatory responses, indicating their 
compatibility with body tissues (Zhu et al., 2018). 


5.1. Bacterial growth inhibition 


The antibacterial activity of chitosan-collagen 
nanoparticle suspension with ZnO was tested using the 
adapted diffusimetric method by measuring the widths of 
the zones of inhibition. The best antibacterial activity 
against S. aureus was achieved for the CS-Coll-ZnO, with 
the materials formed by precipitation in the presence of 
NaOH showing a substantial improvement (Tiplea et al., 
2021). A mucous adhesive polymeric membrane wound 
dressing containing hydroethanolic red propolis extract 
(HERP) was created. Membranes were developed 
employing a casting method that included collagen, 
chitosan, polyethylene glycol (15, 20, and 30v %), and a 
hydroethanolic extraction of ELOH-H20 70v% - 30v% (v/v) 
of HERP (0.5, 1.0, and 1.5%). Membranes demonstrated 
substantial bacterial inhibition, implying that the 0.5% 
HERP with chitosan and collagen membrane has the 
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potential for future wound application research. (Loureiro 
et al., 2020). Silver nanoparticles carrying fibrillar collagen- 
chitosan hydrogel matrix was developed by biomimetic 
methodology by mixing silver nanoparticles, collagen fibril 
and chitosan hydrogel followed by cross-linking and bio 
mineralization. Antibacterial activity research revealed that 
S. aureus and E. coli were inhibited by roughly 27% and 
37% of their growth, respectively. In its native state, the 
developed composite would contain silver nanoparticles 
loaded with collagen fibril and the resulting bio mineral 
would be identical to bone mineral. Therefore, the 
properties and potential of such hydrogel composites could 
be harnessed for developing biomaterials for applications in 
bone tissue engineering (Socrates et al., 2019). 


5.2. Biocompatible properties 


Tissue engineering hydrogels commonly consist of 
biopolymers due to their distinctive structure and 
characteristics. The features encompassed are minimal 
antigenicity and inflammation, strong affinity for water, 
sufficient cytotoxic effects, compatibility with living 
tissues, ability to degrade naturally, and a tendency to 
adhere to mucous membranes (Mozafari et al., 2019). 
Hydrogels have been found to be effective biomaterials for 
soft tissue regeneration. Because of its great 
biocompatibility, Collagen is the primary material used in 
hydrogel development, but its mechanical strength, 
temperature resistance, and pH vulnerability make it 
necessary to explore other options. Collagen and 
polysaccharides can enhance hydrogel characteristics. 
Hybrid hydrogels with different collagen/chitosan ratios 
show comparable physicochemical and microstructural 
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characteristics, enhancing thermomechanical capabilities 
and cell viability. This makes them suitable biomaterials for 
tissue engineering purposes. Hence, the synergism between 
collagen and chitosan resulted in enhanced hydrogel 
properties, demonstrating good 
properties and cell survival for application as promising 
biomaterials for tissue engineering (Sanchez-Cid et al., 
2022). Diabetes mellitus is one of the most common 


thermomechanical 


diseases, and it is frequently accompanied by diabetic 
ulcers. Chitosan, a biopolymer with biodegradability, 
biocompatibility, and low toxicity, has been used to create 
hydrogels for diabetic wound treatment. These hydrogels, 
made of chitosan, collagen, and silver nanoparticles, have 
been found to have antibacterial, cytotoxic, and swelling 
properties. In mice with diabetes caused by alloxan, the 
hydrogels increased the expression of VEGF, TGF-b1, IL- 
1b, and TIMP! genes, leading to faster wound healing. The 
hydrogels also facilitated collagen deposition, hair follicle 
repair, and sebaceous gland formation. However, clinical 
trials are needed to fully evaluate the effectiveness of these 
hydrogels, as animal models do not fully represent the entire 
diabetic pathology (Shagdarova et al., 2022). Hydrogels 
made from natural polymers like chitosan and collagen are 
popular for soft tissue engineering due to their 
hydrophilicity and softness. However, their mechanical 
properties require crosslinking techniques like small 
molecules or synthetic polymers. FTIR-ATR spectra 
confirmed the expected structure, while scanning electron 
microscopy showed a porous morphology with 
interconnected pores. These hydrogels are crucial for soft 
tissue engineering. Furthermore, swelling degree 
assay revealed a tunable behavior in natural polymers that 
was associated with composition. Finally, in vitro 
biodegradability and biocompatibility experiments 
demonstrated that the material performed well in simulated 
biologically living environments with interconnected pores 
(Duceac et al., 2019). Injectable thermosensitive hydrogels 
made of chitosan, collagen, and B-GP were used, which can 
form a gel at body temperature and are suitable for treating 
uneven surface wounds. These hydrogels offer a cell- 
friendly environment like the extracellular matrix (ECM) in 
cell-based therapies and are compatible with living tissues. 
Collagen in the hydrogel facilitates cell adhesion, 
migration, survival, and proliferation, and encourages gel 
remodeling. The hydrogel, combined with 3D MSC 
spheroids, significantly influenced the growth and release 
of paracrine factors, enhancing its effectiveness in healing 
deep skin wounds by stimulating the growth of new blood 
vessels and skin regeneration (Yang et al., 2020). 


5.3. Wound healing in moist environments 


Hydrogels, which are classified as advanced 
dressings, possess the ability to sustain a moist environment 
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at the specific location of application. This characteristic, 
attributed to their high-water content, renders hydrogels 
very suitable for the purpose of wound treatment. Hydrogels 
have the potential to be utilized in the treatment of both 
exudating and dry necrotic wounds (Gupta et al., 2019). 
Moist conditions are crucial in the management of wound 
healing acceleration. In contrast to scaffolds of diverse 
compositions, hydrogels possess the ability to sustain a wet 
environment within the wound region. Cross-linked 
hydrophilic polymeric networks that bear resemblance to 
natural soft tissues and extracellular matrix are present (Li 
et al., 2020). The process of wound healing is a multifaceted 
biological phenomenon that encompasses the regeneration 
of damaged tissue. Conventional wound dressings exhibit a 
lack of moisture retention, hence impeding the creation of 
an optimal moist environment conducive to wound healing. 
Additionally, these dressings demonstrate limited efficacy 
in terms of their antibacterial capabilities. Hydrogels 
possess the ability to retain substantial quantities of water, 
hence facilitating the establishment of a moist healing 
environment. At present, phototherapies have demonstrated 
significant potential in the realm of bacterial illness 
treatment. Hence, the integration of hydrogels with 
phototherapy presents a viable solution to address the 
limitations associated with conventional approaches to 
wound management. This exhibits 
considerable promise in promoting wound healing due to its 
notable efficacy, little irritability, and favorable 


combination 


antibacterial properties (Y. Xu et al., 2022). 
5.4. Hemostasis 


Development of a composite sponge made of 
halloysite, chitosan, and collagen using directed freeze- 
drying techniques was studied. The sponge was then coated 
with a hydrophobic polydimethylsiloxane layer to enhance 
its hemostatic properties. The sponge's channel structure, 
with a pore size of 30 um, facilitates blood transportation. 
The sponge's morphology and spectrum analysis show that 
chitosan and collagen adsorb onto the external surface of 
HNTs due to hydrogen bonding and electrostatic attraction. 
The directional freeze-dried sponge showed faster blood 
absorption rates than its non-directional counterpart. The 
composite sponges also showed significant antibacterial 
efficacy against Escherichia coli and Staphylococcus 
aureus, were non-cytotoxic to mouse fibroblasts, and 
showed excellent compatibility with blood cells. The use of 
the hemostatic dressing effectively mitigated superfluous 
blood loss due to its exceptional capacity for excessive 
blood absorption. The efficacy of the asymmetric sponges 
in promoting quick clotting and minimizing blood loss was 
validated in in vivo trials on rats. The study highlights the 
potential of this dressing in wound healing (Lin et al., 2023). 
Numerous chemicals have been identified as potential 
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hemostatic agents, although their efficacy is contingent 
upon the specific nature of the bleeding event and the 
anatomical site of the laceration or injury. Although there 
are numerous effective hemostatic materials available for 
treating superficial wounds that can be compressed, 
managing internal vascular and surgical bleeding continues 
to pose challenges. The difficulties about strong adherence 
in wet environments and applications in complex 
conditions, such as cutaneous, cardiac, and liver lesions, 
have been effectively addressed by recent advancements in 
wet-adhesive hydrogels. These hydrogels can also be 
biocompatible, antimicrobial, and high blood pressure 
resistant, outperforming certain conventional products (Han 
& Wang, 2023). The utilization of hydrogel bio adhesion 
technology has presented remarkable prospects in the field 
of minimally-invasive operations, which are commonly 
conducted with the aim of mitigating postoperative 
complications, shortening recovery periods, and alleviating 
patient suffering. Current hydrogel-based adhesives have 
challenges due to their limited ability to adhere in wet and 
dynamic environments, as well as potential immunological 
adverse effects, particularly in the case of synthetic 
hydrogel bio adhesives. A novel class of synthetic hydrogel 
bio adhesives derived from diverse polymer precursors hase 
been presented. These bio adhesives exhibit rapid creation 
of a durable bio interface, enabling effective adherence to 
moist and resilient biological tissues with significant 
mobility. Furthermore, the elimination of monomers in the 
process of hydrogel manufacturing ensures that these 
hydrogel adhesives do not elicit an inflammatory response 
when used for in vivo wound sealing. This property has 
great potential for the prompt healing of vascular defects 
and surgical hemostasis. Furthermore, these materials could 
potentially function as interfaces between humans and 
electronic devices, facilitating the integration of 
bioelectronics implants for the purpose of monitoring 
physiological and clinical data in real-time (Zhang et al., 
2022). 


VI. ANTI-MICROBIAL AND WOUND 
HEALING APPLICATIONS OF CHITOSAN- 
COLLAGEN BASED HYDROGELS 


6.1. Controlled release of antimicrobials and drugs 


Researchers aimed to create composite hydrogels 
by combining blue crab chitosan (CS) with bluefin tuna 
collagenous protein (BTCP) at different concentrations. The 
hydrogels showed improved porosity and swelling degree 
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with increased BTCP concentration. The hydrogels also 
showed enhanced elasticity and mechanical strength, 
particularly in hydrogels with 50% BTCP. The pH of the 
surrounding medium impacted the release of phycocyanin, 
a biologically active chemical. The study suggests that pH- 
sensitive Cs-BTPC composite hydrogels may provide a 
favorable environment for encapsulation and delivery of 
medicinal drugs. The study presents a new method for 
promoting maritime industries by focusing on the utilization 
and economic significance of marine by-products, known as 
the blue economy. The chitosan-collagen combination is 
recognized as a highly effective substrate for developing 
materials with significant potential in tissue engineering and 
drug delivery applications. The physicochemical properties 
of the hydrogels were assessed using Fourier Transform 
Infrared Spectroscopy, X-ray Diffraction, and Scanning 
Electron Microscopy (Azaza et al., 2023). 


As discussed previously, hydrogels can be 
formulated to deliver drugs using passive and active 
mechanisms, and hydrogel coatings can use these strategies 
to provide local and sustained release of antibacterial 
compounds to prevent implant infections. For example, the 
porosity of hydrogel coatings can be tuned to create “active” 
coatings that release small molecules or particles embedded 
in the scaffold. One strategy being explored clinically is the 
encapsulation of intrinsically antimicrobial silver 
nanoparticles into polyacrylamide-based hydrogels to 
prevent infections from E. coli and S. aureus (Qasim et al., 
2018). 


Thermosensitive hydrogels called bTCP- 
chitosan/collagen-quercetin hydrogels were prepared by 
combining beta-tricalcium phosphate (bTCP) nanoparticles 
and quercetin with a chitosan/collagen composite. These 
hydrogels undergo a sol-gel transformation triggered by 
beta-glycerophosphate (bGP) and changes in temperature, 
aligning with typical body temperature and pH conditions 
(Fig. 11). The hydrogels showed a porous structure with 
interconnected pore architecture. The addition of 3% bTCP 
improved the hydrogels' mechanical characteristics, 
decreased swelling and degradation rates, and improved 
pore size, permeability, and quercetin release rate. The 
hydrogels were biocompatible and showed the ability to 
support cell encapsulation. The consistent and ongoing 
release pattern of quercetin from the 3% bTCP-hydrogel 
suggests it could be an effective carrier for delivering 
natural flavonoids for bone repair (Sareethammanuwat et 
al., 2021). 
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Fig.11: Controlled drug release 


Biopolymer hydrogels were created by combining 
hyaluronic acid, hydrolyzed collagen, and chitosan with 
caffeic acid as an antioxidant agent. The hydrogels were 
characterized using X-ray diffraction, differential scanning 
calorimetry, and thermogravimetric analysis. The hydrogels 
showed no structural or thermal changes, and their swelling 
behavior was superior due to high hyaluronic acid 
concentration. The initial rapid release of caffeic acid was 
around 70% within 60 minutes, followed by a slow release 
of up to 80% by 480 minutes. The antioxidant activity of the 
hydrogels was demonstrated through DPPH, ABTS+, and 
FRAP tests, suggesting their potential as dressings 
(Chuysinuan et al., 2020). 


Hydrogel composites made of collagen and 
chitosan were synthesized using a solvent casting method, 
with caffeic acid (CA) as a crosslinking agent. The 
hydrogel's structural characteristics were studied using 
FTIR spectroscopy. The presence of CA impeded the 
molecular chain mobility of chitosan and collagen, causing 
cracking and dimensional stability issues. The addition of 
CA reduced swelling properties and degrading behavior. 
The drug release profile showed a progressive pattern over 
8 hours, influenced by CA quantity. The composite 
hydrogel's antioxidant activity was evaluated, indicating its 
potential in drug release and cosmetic research (Thongchai 
et al., 2020). 


A porous bio-sponge for oral mucositis treatment 
was developed by blending collagen with chitosan. The 
impact of blending on crystallinity structure and thermal 
behavior of both polymers was evaluated. In vitro studies 


ISSN: 2456-1878 (Int. J. Environ. Agric. Biotech.) 
https://dx.doi.org/10.22161/ijeab.86.19 


showed a semi-crystalline structure in the collagen-chitosan 
film, which significantly impacts drug release. FT-IR 
analysis revealed electrostatic interactions and hydrogen 
bonding between collagen and chitosan, as well as between 
dexamethasone and the polymers. The collagen-chitosan 
(1:1) blend formulation effectively regulated medication 
release within a 10-hour timeframe, compared to the 
collagen sponge's completion time of 16 hours (Alagha et 
al., 2020). 


6.2. Surgical site dressings 


Hydrogel coatings provide novel strategies to 
combat one of the biggest challenges for implantable 
devices infections. In 2011 alone, the United States saw 
nearly 185,000 cases of hospital-acquired infections 
associated with medical devices (Magill et al., 2014). The 
use of mesh in hernia repair procedures relates to a 
significant risk known as surgical-site infection (Fig. 12). 
Triclosan-infused absorbable suture materials are used to 
reduce the occurrence of infections. To enhance the 
therapeutic efficacy, an experiment was conducted whereby 
the efficacy of using meshes coated with chitosan gel 
containing triclosan was examined to prevent and treat mesh 
infections in a rat model. A model of mesh infection was 
established using simultaneous and 24-hour Staphylococcus 
aureus injection. The rats were then monitored for a 
duration of 8 days to assess the occurrence of surgical-site 
infections. According to the findings, grafts that were 
covered with chitosan gel containing triclosan shown 
effective preventative benefits against graft infection 
(Cakmak et al., 2009). 
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Fig.12: Use of hydrogels as surgical dressing for appendicitis surgery wound 


The adhesion of laser-activated chitosan films in a 
mixed in-vitro and animal setting was investigated. The 
purpose of this investigation was to explore the potential 
applicability of these films for suture-less tissue fixation. 
Sheep intestine was affixed with chitosan films, which were 
in the form of flexible and insoluble strips. This bonding 
process was carried out utilizing laser energies of varying 
intensities, specifically at a wavelength of 808 nm. In 
addition, genipin, a natural cross-linker, was incorporated 
into the film to assess its impact on tissue restoration 
strength in comparison to the films that were plain. The 
dressing was also applied in vivo to the sciatic nerves of rat 
models, and the resulting thermal damage caused by the 
laser was assessed four days post-surgery. The experimental 
findings provided evidence that the application of chitosan 
adhesives effectively facilitated the restoration of intestinal 
tissue, with the highest level of strength of repair observed 
at a 120-mW laser power. The chitosan gel loaded with n- 
showed effective preventative benefits against graft 
infection (Lauto et al., 2007). 


A composite dressing made of collagen, chitosan, 
and alginate was developed to improve wound healing and 
resist seawater immersion. The CCA cushion was 
fabricated using paint coat and freeze-drying methods and 
attached to a polyurethane material. The dressing showed 
favorable water absorption and mechanical properties, 
resulting in a higher wound healing ratio in rats compared 
to gauze or chitosan treatment. The dressing also showed 
increased fibroblast cells, intact re-epithelialization, and 
increased levels of EGF, bFGF, TGF-B, and CD31. The 
dressing showed no harmful effects on cells and showed 
positive compatibility with blood (Xie et al., 2018). 
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The chitosan/BGP hydrogel is made and 
subsequently combined with a liposomal formulation of 
diethyldithiocarbamate and copper ions for the purpose of 
treating surgical site infections. The injectable gel has a high 
efficacy in eradicating 98.7% of methicillin-resistant 
Staphylococcus aureus and effectively inhibiting 99.9% of 
biofilm formation caused by Staphylococcus epidermidis 
within a 48-hour timeframe (Kaul et al., 2022). 


A surgical wound refers to a deliberate cut created 
by a qualified physician. The delayed process of surgical 
wound healing has the potential to result in the development 
of chronic wounds, which can pose a significant health 
concern. This research aims to improve the healing process 
of surgical wounds by developing liposomes containing 
curcumin within a hydrogel made of lysine and collagen. 
The liposomal formulation was prepared using the thin-film 
hydration method and characterized for size, shape, 
encapsulation efficiency, and in vitro release. The hydrogel 
matrix was created, followed by the infusion of curcumin- 
loaded liposomes, resulting in formulations F1, F2, and F3. 
Safety, stability, swelling index, pH, rheological 
characteristics, and in vivo wound healing assay were used 
to characterize all formulations. The histology and 
histomorphometry of tissue samples from the wound area 
were also analyzed to assess the effects of the formulations, 
as well as the control group. This suggests how collagen 
hydrogel address the potential health concerns associated 
with delayed surgical wound healing (Cardoso-Daodt et al., 
2022). 


Surgical infections can lead to delayed wound 
healing, oxidative stress, and tissue ischemia. Hydrogels, 
non-antibiotic wound dressings, have potential to address 
these issues. A reductionism methodology has been 
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developed to produce bioactive hydrogels with 
antibacterial, antioxidant, pro-angiogenic, and hemostatic 
properties. These hydrogels, made from extracts from 
Cirsium setosum (CE) and carboxymethyl chitosan (CS), 
have been tested in three models. The hydrogels showed 
significant efficacy in mitigating bleeding and enhancing 
vascularization for skin flap regeneration, demonstrating 
the potential of these hydrogels. In general, the integration 
of bioactive CECS hydrogels with a straightforward and 
scalable assembly technique, as well as their inherent 
biological activities without the need for antibiotics, holds 
promise for their application as multifunctional wound 
dressings in surgical anti-infection procedures (Geng et al., 
2022). 


6.3. Burn care. 


Burn injuries are a common and severe type of 
trauma that necessitates comprehensive medical attention 
for patients. The prompt administration of medical 
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intervention for burn injuries has been shown to have a 
substantial positive impact on the process of wound healing. 
The effectiveness of amnion and collagen-based hydrogels 
in promoting the healing of cutaneous burn wounds in rats 
was studied. A unique cell-free hydrogel was formulated 
using a combination of human amnion, rabbit collagen, 
carboxymethyl cellulose sodium salt, citric acid, methyl 
paraben, propyl paraben, glycerin, and triethanolamine. The 
wound dressing material was created using a combination 
of rabbit collagen and chitosan derived from prawn shells. 
The hydrogels were found to be non-cytotoxic and 
compatible with human blood cells. The gels accelerated 
wound healing, with complete re-epithelialization occurring 
within 16.75 + 0.96 days and wound closure via contraction 
reaching 72 + 3.27% when a wound dressing membrane was 
applied. The sprayable hydrogel with a covering membrane 
was more effective (Fig. 13). This suggests a potential 
alternative for treating cutaneous injuries, addressing issues 
like high costs and logistical intricacies (Rana et al., 2020). 
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Fig.13: Burn wound healing 


A study was conducted on the effectiveness of the 
HemCon™ bandage in treating burn infections in mice. The 
study found that the bacterial population in untreated burns 
increased by about 1000-fold from day 0 to day 3. However, 
in burns treated with silver dressing or chitosan acetate 
bandage, the bacterial luminescence signal decreased on 
day 1. The chitosan acetate bandage had a higher survival 
rate for Pseudomonas aeruginosa infections, with a survival 
rate of 73.3%. The chitosan acetate bandage was found to 
be effective in managing bacterial growth in burn wounds 
and preventing systemic sepsis, as confirmed by 
quantitative analysis of bacterial luminescence signals and 
blood culture results (Dai et al., 2009). 


Utilizing a rat model to examine and compare the 
impact of chitosan and heparin on the first expansion of 
burn injuries, a study was conducted (Jin et al., 2007). A 
study on rats showed that chitosan powder, heparin powder, 
and a combination of chitosan and heparin were used to 
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induce burns. The results showed that chitosan had a lower 
severity of burns and a significant preventive effect on the 
initial phase, while heparin did not. However, concurrent 
administration of chitosan and heparin reduced chitosan's 
protective efficacy. The efficiency of chitosan in promoting 
wound healing in rat burn injuries was assessed 
(Burkatovskaya et al., 2006). 


Lysostaphin was investigated against MRSA- 
induced burn infection in New Zealand White rabbits by 
combining it with a chitosan-collagen hydrogel (CCHL). 
The scientists created third-degree burn wounds (3 x 3 cm) 
using an electronic temperature controller set to 80 °C for 
15 seconds. Two days after the burning, the eschar was 
removed, and each wound contained MRSA (200 L of 1 109 
CFU/mL bacterial solution). When compared to groups 
treated with chitosan-collagen hydrogel without lysostaphin 
or animals treated with saline, the animals treated with 
CCHL should exhibit improvements in lesion healing 
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coupled with a decrease in MRSA burden. Additionally, 
after therapy, the administration of CCHL resulted in better 
repair of tissue architecture (Cui et al., 2011). 


A chitosan hydrogel was developed for use as a 
wound dressing for burn wounds in rats. The hydrogel 
facilitated cell adhesion and proliferation and showed no 
harmful effects. The wound beds of the treated animals were 
significantly smaller than the untreated control group. 
Histological examination showed no inflammatory 
responses in the skin lesions treated with the hydrogel, and 
no pathological abnormalities were observed in the organs 
retrieved during necropsy. These findings suggest the 
biomaterial's compatibility at both local and systemic levels 
(Ribeiro et al., 2020). 


The effect of a thermosensitive hydrogel made 
from chitosan, collagen, and B-glycerophosphate (B-GP) 
and a conditioned medium from human umbilical cord 
mesenchymal stem cells (MSC-CM) on mice with third- 
degree burns was examined. The hydrogel was stored at 4°C 
and applied to the wounds of the mice. The mice were 
divided into three groups and treated with different 
unconditioned MSC medium, MSC- 
conditioned medium, or a combination of unconditioned 


treatments: 


medium with chitosan, collagen, and B-GP thermosensitive 
hydrogels. Skin tissue samples were collected at different 
time points and analyzed using hematoxylin and eosin 
staining and Ki-67 staining. A comparative analysis was 
conducted to assess the rates and durations of wound 
healing within the four experimental groups. The use of 
MSC-CM/hydrogel showed several beneficial effects, 
including reduced healing time, inflammation restriction, 
epithelialization facilitation, well-vascularized granulation 
tissue development, and mitigating the creation of fibrotic 
and hypertrophic scar tissue. In summary, the use of MSC- 
CM/hydrogel shows significant efficacy in facilitating 
wound healing in mice with third-degree burns (Zhou et al., 
2019). 


Marine organisms yield natural compounds that 
contain biologically active substances, such as collagen, 
which serve as a significant reservoir of compounds with 
medical potential. These compounds have been found to be 
particularly useful in wound dressing applications, 
especially when used in conjunction with other natural or 
synthetic materials, since they expedite the wound healing 
process. This study evaluates the capacity of collagen 
derived from Rutilus kutum skin combined with chitosan in 
a collagen-chitosan gel for facilitating the recovery of 
second-degree burn injuries in rats. Collagen and chitosan 
were extracted from discarded skin and shells of prawns, 
and their subunit composition was evaluated using SDS- 
PAGE. High-performance liquid chromatography (HPLC) 
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was used to analyze amino acids, and different Col-CH gel 
formulations were prepared in different ratios. The results 
showed a significant reduction in wound size in Col-CH 
treated animals compared to silver sulfadiazine ointment. 
Histological examination showed an enhancement in 
epithelial cell growth and blood vessel growth, and a 
decrease in inflammatory cells. The data suggests that the 
Col-CH gel combination effectively cures burn wounds, 
(Naderi 


surpassing silver sulfadiazine ointment 


Gharehgheshlagh et al., 2021). 


The effects of collagen-chitosan gel from 
Scomberomorus guttatus and prawn skin on second-degree 
burn healing in rats was investigated. Results showed that 
Col-CH (3:1) treatment significantly decreased wound size 
and increased epithelialization, collagen content, and 
fibroblast cell presence. It also reduced inflammatory cell 
infiltration. The study concluded that Col-CH gel showed 
superior effectiveness in promoting burn wound healing on 
the 25th day after the burn, compared to sulfadiazine 
(Fatemi et al., 2021). 


Chronic wounds can lead to limb amputation, and 
researchers have explored pro-angiogenic agents like 
cerium oxide and cerium peroxide nanoparticles. These 
nanoparticles were incorporated into chitosan and collagen 
hydrogel matrices, and their pro-angiogenic characteristics 
were investigated using in-vivo CAM tests. The study found 
that the presence of cerium peroxide in the hydrogels 
significantly enhanced angiogenesis, compared to cerium 
oxide-loaded materials. This suggests that cerium peroxide 
incorporated chitosan and collagen hydrogels have potential 
for facilitating the healing process of chronic ulcers and 
burn wounds (Zubairi et al., 2022). 


The demand for wound dressings for partial- 
thickness burns is increasing, and hydrogels have potential 
as materials for sustaining hydration and facilitating tissue 
elimination. A study incorporated tilapia peptides and 
hydroxyapatite into a chitosan system to create novel 
hydrogels. These hydrogels showed exceptional water 
absorption, minimal hemolysis, and antibacterial efficacy 
against bacteria. They also promoted skin regeneration by 
decreasing TNF-a and IL-6 expression (Qiangian et al., 
2021). 


6.4. Wound dressings and wound healing 


The impact of collagen on _ chitosan/gelatin 
hydrogels, specifically their growth and attachment of 
fibroblasts for wound dressing applications was studied. 
The hydrogels were synthesized using chitosan and 
collagen biopolymers, with varying ratios. The hydrogels 
showed improved mechanical properties, reduced swelling 
ratio, and superior water vapor transmission rate. Collagen 
also resulted in a uniform and interconnected architecture, 
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leading to higher cell survival and attachment rates. These 
findings suggest the potential of chitosan/collagen 
hydrogels for wound dressing applications (Mousavi et al., 
2019). 


One of the most appealing options for a wound 
dressing is hydrogel because, in addition to acting as a 
barrier against microorganisms, it also maintains a moist 
environment at the wound interface, offering three- 
dimensional structures that support cell adhesion and 
proliferation and permit the exchange of gases, nutrients, 
and metabolic waste products (Lakshmanan et al., 2013). A 
study involving water-soluble carboxymethyl-chitosan 
(CMCS) crosslinked with genipin was conducted to 
investigate its impact on wound healing properties. The 
CMCS was divided into hydrogel, membrane, and sponge 
dressings. The sponge dressing showed superior water 
absorption, gas permeability, hemostatic performance, and 
promotes skin fibroblast proliferation. It also induced 
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matrix metalloproteinase-1 production. The sponge 
dressing was effective in wound closure and expedited 
healing in in-vivo settings. The hydrogel and membrane 
showed biocompatibility, hemostatic characteristics, and 
wound healing facilitation. (D. Wang et al., 2020). 


A novel chitosan-collagen sponge (CCS) was 
developed with the intention of exploring its application as 
a biomaterial for wound dressings. Wound dressing was 
prepared by using a combination consisting of 3.0% 
chitosan and 1.0% type I collagen in a ratio of 7:3 (w/w). 
This mixture was subjected to the freeze-drying process. 
Subsequently, the dressing was made to assess its qualities 
via a sequence of tests. The newly developed dressing 
exhibited its ability to ensure the safety of NIH3T3 cells. 
The study found that chitosan-collagen wound dressing 
showed significant improvement in healing after a surgical 
procedure (Fig. 14), indicating its potential as a viable 
option for future wound treatments. (Zhang et al., 2021). 
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Fig.14: Hydrogels are used in faster healing of facial wounds 


The equine distal limb wound healing model, 
similar to human wound healing, is used for investigating 
biomaterials with potential applications in veterinary and 
human medical fields. A study found significant differences 
in functional and structural aspects of unwounded and 
injured skin across different locations on the distal limb. 
The study also examined the impact of a collagen-chitosan 
hydrogel modified with peptides on wound healing. The Q- 
peptide hydrogel increased wound closure and modulated 
the biomechanical properties of the healed tissue, resulting 
in a more compliant structure (Sparks et al., 2021). 

The use of alginate dialdehyde (ADA) as a 
crosslinker was explored to improve the mechanical 
properties of collagen-chitosan (COL-CS) membranes. The 
resulting COL-CS-ADA films showed improved thermal 
stability and mechanical characteristics, increased cross- 
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linking with higher oxidation levels, and no harmful effects 
on fibroblasts. Additionally, the ADA film significantly 
improved wound healing and biocompatibility (Yang et al., 
2019). 


Wound dressings, including hydrogels, films, 
wafers, nanofibers, foams, and transdermal patches, are 
used to treat both acute and chronic wounds. The utilization 
of chitosan and cellulose, two biopolymers, in the 
formulation of hydrogels was examined with the aim of 
enhancing wound management. Hydrogels have unique 
properties like a damp environment, moisture retention, and 
bacterial protection. Biopolymers, like cellulose and 
chitosan, are used due to their non-toxic, biodegradable, and 
biocompatible properties. These hydrogels accelerate 
wound healing, mimic skin structure, and facilitate skin 
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regeneration. Antibacterial compounds also help prevent 
microorganism entry. (Alven & Aderibigbe, 2020). 


A collagen and chitosan composite gel was 
developed, incorporating oligoarginine (R8) as a cell 
penetrating peptide. The gel was examined for its physical 
and chemical properties using various techniques. Results 
showed that the gel effectively inhibited Staphylococcus 
aureus proliferation and promoted wound healing. The gel 
showed the highest healing rate and rapid speed compared 
to other treatments. It also enhanced skin wound healing by 
facilitating granulation tissue formation, collagen 
accumulation, and angiogenesis (M. Li et al., 2019). 

The properties and compatibility of a hydrogel 
made from collagen, chitosan, and dialdehyde starch, 
Col/Ch/DAS were investigated. The hydrogels were created 
by combining collagen and chitosan, with a cross-linker 
called DAS. The hydrogels showed high swelling and 
biodegradability and were suitable for wound dressings. A 
collagen and chitosan composite gel was also created, 
which inhibited Staphylococcus aureus proliferation and 
promoted wound healing. The gel showed remarkable 
healing rates and speed, enhancing skin wound healing by 
facilitating granulation tissue formation and collagen 
accumulation (Valipour et al., 2023). 


Wound healing dressings and scaffolds were 
introduced, which were composed of single layers in the 
form of electrospun sheets and hydrogels. A bilayer scaffold 
consisting of chitosan/gelatin hydrogel and co-electrospun 
PCL/PVA was developed. The uniqueness of the product 
stemmed from the utilization of the freeze-gelation 
technique to attain a porous structure within the hydrogel 
component of the bilayer configuration. The qualities of the 
product and its performance in wound healing were 
evaluated by various methods, including scanning electron 
microscopy, MTT proliferation assay, swelling analysis, 
tensile strength testing, and in vivo assessments (Kamali & 
Shamloo, 2020). 


6.5. Regeneration of tissues 


The utilization of hydrogels derived from various 
materials has emerged as a novel strategy within the 
biomedical domain, namely in the realm of regenerative 
medicine (Catoira et al., 2019). Nerve regeneration using a 
chitosan-collagen hydrogel neural conduit (CCN) 
encapsulating Schwann cells (SC) in a rat model with sciatic 
nerve defects was investigated. The CCN+ group showed 
enhanced motor functional recovery, axonal regeneration, 
and myelination compared to the CCN- and silicone+ 
groups. The use of SC-encapsulated CCNs demonstrates a 
collaborative impact on peripheral nerve regeneration, 
promoting the development of axons and remyelination of 
host SCs. This suggests SC-encapsulated CCNs could be a 
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viable strategy for addressing extensive peripheral nerve 
deficits (Takeya et al., 2023). 


The production of porous chitosan/collagen 
composite scaffolds for peripheral nerve tissue engineering 
applications was studied. The scaffolds were examined 
using various analytical techniques, including shape, 
porosity, liquid absorption capacity, swelling behavior, 
composition, mechanical properties, and degrading 
behavior. The composite scaffolds showed surface 
morphology resembling fibers and internal porosity, with 
chitosan reducing pore size, liquid absorption capacity, and 
rate of degradation. The physicochemical features were 
suitable for the proposed use, and the composite scaffolds 
exhibited cytocompatibility without any harmful effects. 
The study also demonstrated the composite scaffolds’ ability 
to enhance Schwann cell adhesion, movement, and 
replication. The chitosan/collagen composite scaffolds have 
considerable potential for peripheral nerve regeneration 
(Fig. 15) (Si et al., 2019). 


The investigation focused on the potential 
application of hydrogels composed of chitosan and collagen 
in the field of skin tissue engineering. Three amino acids 
(arginine, alanine, and phenylalanine) were incorporated 
into chitosan/collagen hydrogels, ACC hydrogels. The 
ACC hydrogels were synthesized using freeze drying and 
assessed for their angiogenic capabilities using the 
chorioallantoic membrane assay. ACC hydrogels loaded 
with arginine had the highest porosity and the highest 
formation of blood vessels. CH-Arg hydrogels showed 
higher efficacy in promoting angiogenesis compared to 
control materials (Aleem et al., 2019). 


Fucoidans, sulfated polysaccharides from brown 
algae, are essential for bone regeneration. To use them in 
regenerative medicine, a delivery system that temporarily 
immobilizes the polysaccharide at the injury site is crucial. 
Hydrogels, which are less invasive, have gained attention 
for their ability to facilitate healing processes. This study 
aimed to develop an injectable thermosensitive hydrogel for 
fucoidan delivery using chitosan, collagen, and B- 
glycerophosphate. The hydrogel showed compatibility with 
mesenchymal stem cells (MSC) and endothelial cells 
(OEC), demonstrating their potential in regenerative 
medicine. Collagen and chitosan are also recognized 
biomaterials with their inherent characteristics, functional 
properties, and environmental friendliness. A study on 
Col/Ch/DAS hydrogels found that the composition of DAS 
significantly influenced swelling ratio and biodegradability. 
The gel composite showed antibacterial characteristics, 
indicating its therapeutic effectiveness in wound healing 
(Ohmes et al., 2022). 
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A hydrogel composite scaffold was created using 
chitosan-collagen hydrogel, 3D printed poly(lactic acid) 
struts and nanofibrous cellulose. The scaffolds, which were 
shaped into micro- and nano-sized topographical features, 
were designed to enhance cellular activities and mechanical 
characteristics. The scaffolds, which were applied with 
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The use of crosslinking strategies in creating 
polymeric biomaterial scaffolds was examined. It focuses 
on a collagen-chitosan hydrogel film created using tannic 
acid and genipin simultaneously. The film's porosity and 
strength were using analysis 
spectroscopy, scanning electron microscopy, and thermo- 
gravimetric analysis. The dual crosslinking process 


evaluated infrared 


significantly influences the films’ strength and adhesion and 
multiplication of cells. This technique has gained 
widespread use in ophthalmology for temporary corneal 
injuries and skin tissue regeneration (Shah et al., 2019). 


The hydrogel nanocomposites were fabricated 
using chitosan/collagen and chitosan/collagen/nano- 
hydroxyapatite (nHAP) from Persian Gulf shrimp wastes 
and rat tail tendons. The porous scaffolds were assessed 
using various techniques like SEM, FTIR, water content, 
STA, and AFM nanoindentation. The results showed 
significant promise for cartilage tissue engineering, 
suggesting the hydrogels could be a viable candidate 
(Kaviani et al., 2019). 


The skin is a multilayered organ that acts as the 
primary barrier between the inside tissues or cells and the 
outside environment, protecting them. To achieve the 
desired mechanical qualities of artificial skin, it is 
imperative to priorities the considerations of 
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different concentrations of genipin, showed an 
interconnected microporous architecture, a swelling ratio of 
400%, and a compressive strength of approximately 32 kPa. 
The scaffold showed minimal cytotoxicity towards rabbit 
mesenchymal stem cells and facilitated cellular attachment, 


proliferation, and migration (Gunes et al., 2022). 


Cells can attach on the surface and in 
the pores of the hydrogel 
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Fig.15: Hydrogels help in bone and tissue repair 


biocompatibility and biodegradability. In contrast to other 
living organisms, humans have exhibited limited tissue 
regeneration due to genetic variability. Furthermore, 
hydrogel scaffolds have gained a growing interest for the 
purpose of repairing and regenerating skin tissue. This is 
primarily due to their remarkable capacity to undergo self- 
renewal and promote the proliferation of the specific cell 
populations that play a crucial role in the regeneration of 
skin tissue. Additionally, an investigation was conducted on 
the intelligent healing capabilities of hydrogel scaffolds 
loaded with peptides and growth factors for the purpose of 
regeneration in skin tissues (Kalai Selvan et al., 2020). 


ColChHAmod (Collagen-Chitosan-Hyaluronic 
acid) hydrogels, made from genipin crosslinked collagen, 
chitosan, and lysine-modified hyaluronic acid, are a novel 
material for injection applications. These hydrogels have 
unique properties, such as interaction with living organisms 
and multiple functions. By adding primary amine groups 
through lysine attachment, HAmod can form covalent links 
with other hydrogel components, resulting in structurally 
robust and clear hydrogels. The hydrogels can be controlled 
for regeneration and have varying 
physicochemical properties. vitro cell culture 
experiments confirmed their biocompatible surfaces and 


bone tissue 


In 
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antibacterial activity against Escherichia coli (Gilarska et 
al., 2020). 


Use of alkaline phosphatase (ALP) in nanotubes 
made of halloysite (HAL) and incorporated into hydrogel 
scaffolds made of chitosan (CH) and chitosan-collagen (C- 
CH) to promote bone regeneration was studied. The 
addition of 30% HAL-ALP significantly increased the 
swelling ratio of chitosan-based scaffolds, while collagen 
enhanced porosity. The biomineralization process was more 
effective in hydrogels with collagen. C-CH scaffolds, 
particularly those with biomineralization, showed enhanced 
cell attachment and proliferation properties. The C-CH 
scaffolds with a 30% concentration of HAL-ALP showed 
the highest capacity for bone regeneration (Pietraszek et al., 
2020). 


Biomineralization is crucial for bone repair, where 
calcium and phosphate ions are deposited into the 
extracellular matrix (ECM). To mimic this process, a 
composite hydrogel made of chitosan and collagen has been 
created. The hydrogel contains black phosphorus coated 
with mesenchymal stem cell membranes, which activates 
osteoblast recruitment through near-infrared light. This 
leads to the formation of hydroxyapatite, which stimulates 
osteoblast movement and bone formation. The hydrogel 
therapy, when implanted into cranial defects of lab rats, 
improved local bone density and new bone generation. This 
research has significant implications for bone healing and 
treating cranial abnormalities in clinical settings (Tan et al., 
2022). 


6.6. Management and healing of ulcers 


A porous cross-linked hydrogel was developed for 
treating persistent skin ulcers, combining collagen and 
chitosan. Cross-linking techniques like UV irradiation, 
tannic acid, and ultrasonication were used. The hydrogel's 
composition, chitosan concentration, and ratio were crucial 
for its effectiveness. Stable systems were achieved through 
freeze-drying. The Design of Experiments methodology 
was used to determine the optimal hydrogel composition. 
The scaffold's biocompatibility, biomimicry, and safety 
were tested in vitro and in vivo (Valentino et al., 2023). 


Diabetic foot ulcers (DFUs) represent a highly 
widespread concern commonly observed in individuals 
diagnosed with diabetes mellitus. Diabetic foot ulcers 
(DFUs) are enduring lesions that frequently result in non- 
traumatic amputations of the lower extremities, primarily 
due to persistent infection and other adverse effects 
associated with ulcers. Furthermore, these issues pose a 
substantial financial strain on the healthcare system due to 
the necessity of costly medical interventions. Furthermore, 
the existing clinical interventions for diabetic foot ulcers 
(DFUs) have demonstrated only modest efficacy, 
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highlighting the urgent requirement for the development of 
innovative approaches to enhance the treatment outcomes 
of DFUs. Hydrogels are complex structures that can be 
produced using a combination of natural and/or synthetic 
polymers. These materials have undergone substantial 
research for many biological applications, such as drug 
delivery and tissue engineering, due to their distinctive 
adaptability, tunability, and hydrophilic characteristics 
(Giiiza-Argiiello et al., 2022). 


Based on data provided by the World Health 
Organization, an estimated annual fatality counts of 
180,000 has been attributed to burn-related incidents. 
Chronic wounds affect 6.5 million Americans, requiring 
advanced therapeutic strategies. Biodegradable polymeric 
wound dressings have been developed over the past 50 
years, eliminating the need for frequent replacements, and 
reducing immune response risk. These polymers come from 
natural or synthetic sources, with natural polymers 
preferable due to biocompatibility and mechanical 
capabilities (Miguel et al., 2021). 


Diabetic foot ulcers (DFU) frequently exhibit a 
challenging healing process, even when conventional care 
protocols are implemented. The effectiveness of novel 
collagen matrix dressings was assessed using chitosan- 
collagen hydrogel in comparison to conventional dressing, 
for the purpose of promoting wound healing in individuals 
with a chronic diabetic foot ulcer (DFU). The study 
involved 61 patients with neuropathic diabetic foot ulcers. 
The study group received a collagen matrix dressing from 
Tebaderm, while the control group received gauze. The 
study group showed a higher reduction in DFU size at four 
weeks and a higher percentage of full healing at 20 weeks. 
Collagen matrix dressings can expedite wound healing, 
potentially reducing the duration needed for full recovery 
(Djavid et al., 2020). 


Corneal disease is the second leading cause of 
blindness, with around 10 million people worldwide 
experiencing visual impairment. Research on wound 
dressings for corneal coverage has shown potential for 
optimal healing. A chitosan coating was applied to an 
electrospun membrane made of collagen, hyaluronic acid, 
and PEO, with glutaraldehyde as a crosslinking agent. The 
coating enhanced membrane transparency but did not 
significantly change it. The pore diameter of the membrane 
decreased with increased chitosan coating concentration. 
The membrane's cell viability was non-toxic, and the 
coating showed antibacterial properties, particularly against 
Pseudomonas aeruginosa. In summary, the incorporation of 
a chitosan coating has been found to enhance the properties 
of the electrospun membrane utilized for wound dressing in 
cases of corneal ulcers (Putra et al., 2020). 
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The most effective delivery strategy for 
mesenchymal stem cells secretome as a diabetic wound 
dressing is a film-forming spray composed of a hydrogel 
matrix including carboxymethyl chitosan, hyaluronic acid, 
and collagen tripeptide (CCHACTP). The application of a 
chitosan/collagen hydrogel patch resulted in the expedited 
healing of diabetic foot ulcers (Umar et al., 2022). Chitosan- 
based hydrogels and membranes are used for managing 
cutaneous injuries like wounds, burns, and ulcers. They 
improve wound healing by boosting immunomodulatory, 
antimicrobial, and local cell proliferative activity. They 
stimulate cellular metabolism and reduce scar size. 
Chitosan-based membranes have favorable characteristics, 
making them suitable for chronic wound management. 
Changes to chitosan can improve its physicochemical 
properties, creating multilayer membranes and self-healing 
hydrogels. Other formulations include sponges, topical gels, 
and coatings (Kim et al., 2023). Studies have been 
conducted on chitosan biomaterials for the purpose of 
treating wounds with diverse causes, such as burn wounds 
and pressure ulcers. These biomaterials are utilized in the 
development of dressing materials. (Zavyalova et al., 2021). 


6.7. Closure of surgical wounds 


Traditionally, conventional methods for closing 
surgical wounds have involved the utilization of sutures, 
staples, or wires. Nevertheless, the use of these 
methodologies, specifically in relation to parenchymatous 
tissues like the lung, liver, or kidney, may result in necrosis 
and wound dehiscence. In addition to this, surgical 
operations frequently elicit significant health issues 


Sutures 


Open surgical incision 


Wound closure with sutures 
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associated with haemorrhage. Minimally invasive 
procedures encounter notable challenges associated with 
bleeding, such as the potential impairment of eyesight 
during ocular treatments. Consequently, surgical sealants, 
possessing the twin capability of hemostasis and wound 
closure, have emerged as a crucial element in the surgical 
repertoire for the purpose of controlling persistent bleeding. 
(Chiara et al., 2018). Currently, within the domain of 
sutureless surgical techniques, a diverse array of protein- 
based adhesives (such as fibrin, collagen, and gelatin), 
polysaccharide-based adhesives (including chitosan and 
alginate), as well as cyanoacrylate-based adhesives, are 
employed for a multitude of clinical wound closure 
purposes (Baghdasarian et al., 2022). 


Sutures are the primary surgical wound closure 
method, but they can cause foreign body reactions and 
atypical collagen accumulation, leading to hypertrophic 
scars. The development of suture materials that can 
effectively suppress inflammation and minimize scar 
formation is of paramount clinical importance. The 
S@LC@CGTP suture material was developed which was a 
combination of a conventional 3-0 PPDO (poly(p- 
dioxanone)) suture and two additional layers, showed 
promising sustained-drug release characteristics in vitro and 
in vivo. The drug-loaded layer contained curcumin, while 
the electroactive layer was made of oligochitosan- 
gelatin/tannic acid/polypyrrole. Collectively, 
S@LC@CGTP suture material possesses significant 
promise in promoting ideal, scar-free wound healing 
following surgical incisions (Han et al., 2023). 


Chitosan-Collagen Hydrogel 


i 
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Fig.16: Chitosan-collagen hydrogels accelerate surgical wound closure and healing 
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Composite hydrogels referred to as Gel-ZBG 
consisting of ZBG (zinc doped bioactive glass), SCS 
(succinyl chitosan), and OAL (oxidized alginate) have been 
developed. These were designed specifically for use as 
wound dressings, with the aim of promoting faster wound 
closure in Fig. 16. The incorporation of Schiff-based 
connections into composite hydrogels has been 
implemented to create a moist microenvironment that 
promotes cell growth at wound sites. The composite 
hydrogels were shown to possess remarkable antibacterial 
capabilities, as 


evidenced by the in vitro antibacterial assays. The presence 
of Si4+ and Ca2+ ions is crucial in promoting the secretion 
of beneficial factors by fibroblasts, hence facilitating the 
processes of angiogenesis and wound closure (Jiangying 
Zhu et al., 2019). 


The primary hazards contributing to casualties in 
catastrophes are extensive bleeding and wound infection 
resulting from tissue trauma, which demand first-aid 
provisions that can successfully facilitate wound closure, as 
well as efficiently manage haemorrhage and infection. The 
hemostatic and antibacterial properties of current tissue 
adhesives are often limited. A liquid bandage (LBA) called 
NB-CMC/CMC hydrogel is an in-situ imine crosslinking- 
based photoresponsive chitosan hydrogel. The modified 
carboxymethyl chitosan (CMC) demonstrates enhanced 
tissue adhesive performance. Furthermore, it demonstrates 
favorable biocompatibility, biodegradability, and the 
potential to augment the wound healing process and for 
wound closure (Ma et al., 2020). 


Suture lines have been used for wound healing for 
millennia, with polysaccharides like celluloses, starches, 
and glycogens being common. Cotton is a popular suture 
material, but regenerated celluloses and hydrogel 
polysaccharide materials like chitosan and alginate are also 
used in modern medical practice (Peng et al., 2020). The 
experimental findings indicate that the groups treated with 
the hydrogels exhibited accelerated wound recovery and 
earlier healing compared to the control groups. This 
advocates a considerable advancement in the use of 
hydrogels for wound repair and closure of wounds (Pan et 
al., 2019). 


VII. CHALLENGES IN THE DEVELOPMENT 
AND USE OF INNOVATIONS FOR THE 
BETTERMENT 


A hydrogel must meet application-specific design 
criteria to suitably treat a medical condition. Broadly, these 
design criteria can be defined as either physical, chemical, 
or biological. Despite the success of hydrogel-based 
delivery systems, key technological challenges including 
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chemistry, manufacturing and controls, defined regulatory 
guidelines, and practical adaptability remain as major 
roadblocks in their successful clinical translation (Mandal 
et al., 2020). Since hydrogel fabrication is complex and 
varies between hydrogel systems, the development costs 
through clinical translation range in estimation from $50 
million up to $800 million (Li & Mooney, 2016). Despite 
being a well-known biopolymer with various biomedical 
applications, chitosan also has some limitations such as 
small specific surface area and void fraction that should be 
overcome (Esquerdo et al., 2014). While collagen could 
control drug release from hydrogels and could induce cell 
growth (Ghasemiyeh & Mohammadi-Samani, 2019). 


Chemical and physical crosslinking methods using 
glutaraldehyde (GA) and ammonium hydroxide (AH), 
respectively, were utilized to prepare chitosan (CS) and 
chitosan/collagen (CS-Co) hydrogels; these materials were 
then subjected to freeze-drying process to obtain 3D porous 
scaffolds. Physically crosslinked scaffolds exhibited a 
homogeneous morphology with higher pore size and 
interconnectivity in comparison to other prepared scaffolds; 
also, these samples, showed a good biocompatibility. 
Scaffolds derived from hydrogels treated with acetone (AC) 
showed shrinkage, smaller pore size and higher degradation 
rates; finally, materials chemically crosslinked with 
glutaraldehyde presented cytotoxicity and exhibited a 
heterogeneous morphology (Reyna-Urrutia et al., 2019). 


The collagen—chitosan material was more resistant 
to enzymatic degradation and was better able to maintain its 
form over time. Ideally, the degradation rate of the 
biomaterial matches the regeneration rate of the host tissue 
and the collagen—chitosan degradation rate can be regulated 
by adjusting the ratio of collagen to chitosan. The ability to 
control degradation and structural integrity should prevent 
a sudden loss of mechanical properties that may occur from 
materials with more rapid degradation rates. It is likely that 
the addition of chitosan conferred these improved physical 
properties, at least in part, through the provision of 
additional amino groups, which would serve to increase the 
crosslinking density and reinforce the hydrogel (Deng et al., 
2010). 


Graphene oxide (GO) a nanostructure with high 
surface area and high surface functional groups enhances 
the biological properties of collagen hydrogel scaffold for 
neural stem/precursor cells (NS/PCs). Addition of 1%- 
1.5% GO to collagen hydrogel (by weight of collagen) 
provided a hydrogel in which nNS/PCs could survive and 
migrate more in comparison with control (polyl-lysine 
coated well) and pure collagen. Also, GO modulates 
elasticity of collagen hydrogels and makes it favorable for 
neural stem cells (Rezaei et al., 2021). A composite 
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hydrogel was developed consisting of photocrosslinkable 
methacrylated glycol chitosan (MeGC) and 
interpenetrating collagen (Col) with a 
photoinitiator under blue light. The incorporation of Col in 
MeGC hydrogels enhanced the compressive modulus and 
slowed the degradation rate of the hydrogels. MeGC-—Col 
composite hydrogels significantly enhanced cellular 
attachment, spreading, proliferation and osteogenic 


semi- 
riboflavin 


differentiation of mouse bone marrow stromal cells 
(BMSCs) seeded on the hydrogels compared with pure 
MeGC hydrogels, as observed by upregulated alkaline 
phosphatase (ALP) activity as well as 
mineralization (Arakawa et al., 2017). 


increased 


VIII. CONCLUSION 


In conclusion, temperature- and pH-sensitive 
chitosan-collagen hydrogels have a variety of applications 
in wound healing along with effective antimicrobial 
potential. The combined beneficial effects of chitosan and 
collagen in composite hydrogels have enabled health 
professionals to treat wounds that were hard to heal in the 
past with traditional dressings. Chitosan helps in the release 
of antimicrobial agents in response to changes in 
temperature and pH, while collagen plays a role in wound 
healing by promoting tissue regeneration. Chitosan- 
collagen hydrogels stimulate advanced wound healing 
compared to commercial dressings, proving their potential 
as dressings for full-thickness skin wound healing. Their 
temperature and pH sensitivity make them able to perform 
their activity in the desired manner. The composite 
chitosan-collagen hydrogels have improved hydrophilicity, 
which prevents the immediate dissolution of the hydrogel in 
an aqueous solution. Combining chitosan and collagen 
results in hydrogels with higher mechanical strength in 
comparison to mere chitosan or collagen hydrogels. A moist 
environment appropriate for wound healing is efficiently 
maintained by chitosan-collagen hydrogels, along with a 
slow degradation rate. These novel biomaterials have not 
only the exceptional attributes of chitosan and collagen but 
also the ability to respond to temperature and pH changes, 
which makes them important defense equipment against 
promotes healing. The 
biocompatibility of temperature- and pH-sensitive chitosan- 
collagen hydrogels make them an innovative solution for 
healing chronic wounds and controlling infections. Further 
research in this domain can unlock more opportunities for 
cheaper production of these biomaterials for the treatment 
of a variety of health complications. 


infections and wound 
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